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ABSTRACT

The fight against the AIDS (acquired immunodeficiency syndrome) pandemic is daunting. Despite
enormous cost and intense research for the last three decades, HIV-1 (human immunodeficiency virus
type 1, the causative agent of AIDS) is still spreading and lives are still lost. An HIV-1 vaccine is the only
economical, safe and effective solution to end this battle. At IAVI Design & Development Lab, we pursue
this goal by studying broadly neutralizing antibodies against the HIV-1 surface protein (Env). These
antibodies, specifically antibodies 2F5 and 4E10 against the membrane-proximal external region
(MPER), are powerful protective components of the humoral immunity that can block infection of a wide
spectrum of HIV-1 variants. Better understanding of their properties, therefore, is critical for vaccine
design.

In the first study, | aimed to identify the criteria for efficient presentation of the HIV-1 MPER
epitopes by the vesicular stomatitis virus glycoprotein (VSV G). VSV is a safe and immunogenic viral
vector and the VSV G has several characteristics similar to the HIV-1 Env protein, making VSV a
promising HIV-1 vaccine vector. Here, | characterized twenty chimeric VSV vectors containing a single
HIV-1 epitope (2F5 or 4E10 epitope) and determined the insertion constraints for effective epitope
presentation in VSV G: the epitope should be short, have specific sequence, and is located closer to the
membrane. New residues essential for 4E10 antibody activity were also identified.

In the second study, | investigated the neutralization mechanism of 2F5 and 4E10 antibodies in
blocking virus entry by endocytosis. Using a combination of biochemical assays and imaging techniques
to visualize virus-antibody interaction in live cells, | found that the HIV-1 MPER antibodies could
prevent virus fusion in the endosomes. This intracellular inhibition is a rare neutralization mechanism for
these HIV-1 1gGs.

In conclusion, these studies provide valuable information about how the HIV-1 broadly neutralizing
antibodies block virus infection and how the MPER antigens can be effectively incorporated into a
replicating viral vector. This knowledge can advance research on HIV-1 vaccine designs and treatments

that could hopefully put an end to this devastating viral infection.
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LIST OF ABBREVIATIONS
2F5-a bNAD (see below) that recognizes the N-terminal epitope on HIVV-1 MPER
4E10- a bNAD (see below) that recognizes the C-terminal epitope on HIV-1 MPER
Ab-antibody
AF-Alexa Fluor, a fluorescent dye
AIDS-acquired immunodeficiency syndrome, a serious health complication that is caused by HIV-1
infection
bNAb-broadly neutralizing antibody, an antibody that recognizes and blocks a broad range of HIV-1
variants
b12- a bNAD that recognizes the receptor binding site on HIV-1 Env protein
CDR H3-complementarity determining region heavy 3, one of the six regions (CDR H1-3, CDR L1-3 L
for light) that make up the antigen binding site on antibody molecule
CT-cytoplasmic tail, the cytoplasmic C-terminal domain of the viral surface protein
DIC-Differential interference contrast, a microscopy technique used to enhance contrast in transparent
unstained samples
ELISA-enzyme-linked immunosorbent assay, used to measure specific interaction between proteins
Env-envelope, the surface protein of HIV-1 that mediates attachment (by the gpl20 subunit) and
subsequent fusion (by the gp41 subunit)
Fab-antibody binding fragment, the region on antibody molecule that recognizes antigens
G-glycoprotein, the viral surface component that is responsible for virus attachment and fusion
HIV-1-human immunodeficiency virus type I, a lentivirus containing two positive-sense RNA and
belongs to the Retroviridae family. The HIV-1 infection, if left untreated, will lead to AIDS (see
definition above) in most individuals
MPER-membrane-proximal external region, a region on HIV-1 Env protein that is recognized by
multiple bnAb (see definition above)

PEIl-polyethyleneimine, a transfection reagent



RT-room temperature

TM-transmembrane domain, the region on membrane-anchored protein that spans the lipid bilayer
V110-a monoclonal neutralizing antibody that recognizes the ectodomain of VSV glycoprotein
VSV-vesicular stomatitis virus, a rhabdovirus containing one negative-sense RNA strand

VSV G-2F5-Sub-a chimeric VSV with insertion of short linear 2F5 epitope into the stem region on VSV
glycoprotein

VSV G-4E10-Sub-a chimeric VSV with insertion of short linear 4E10 epitope into the stem region on
VSV glycoprotein

VSV AG-Env-a chimeric VSV with HIV-1 Env as the surface glycoprotein in place of VSV glycoprotein

Wt- wild type
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INTRODUCTION
I. Human Immunodeficiency Virus Type 1
AIDS and the pandemic

The acquired immune deficiency syndrome (AIDS) is a serious health complication characterized by
life-threatening diseases including bacterial, viral infections and cancers. Since the beginning of the
pandemic in the early 1980s, over 25 million people have died of AIDS. In 2011, there were 34 million
infected people, 2.5 million new infections and 1.7 million AIDS-related deaths (UNAIDS 2012).
Currently, AIDS is the sixth leading cause of death in the United States for people from 25 to 44 years old
(Dugdale DC I11 2012)..

AIDS results from infection by the human immunodeficiency virus (HIV) (Barre-Sinoussi, Chermann
et al. 1983; Gallo, Sarin et al. 1983). HIV is transmitted by sexual activities, sharing of contaminated
needles or blood products, and from mother to child (Shaw and Hunter 2012). HIV attacks the immune
cells and causes the collapse of the immune system, which subsequently renders the body highly
vulnerable to infections and other diseases.

There are two types of HIV: HIV type 1 (HIV-1) and HIV type 2 (HIV-2). HIV-2 is a less transmissible
virus and most infected individuals show slow or no disease progression (Nyamweya, Hegedus et al.
2013). In addition, HIV-2 is restricted to West African countries. In contrast, the more virulent HIV-1 is
found worldwide and it is still spreading. Sub-Saharan Africa is the region most affected by the pandemic,
with 1 in 20 adults infected with HIV (UNAIDS 2012).

Even after thirty years of intense research and global efforts to bring this pandemic to a halt, AIDS is
still spreading and it is still a serious health problem. When we take into account all of these statistics,
costs and the physical and emotional burdens on individuals, families and societies, it is clear that only an

HIV vaccine can provide the most effective and economical solution to end this daunting pandemic.



HIV-1 structure and entry

In order to make an effective vaccine, it is essential to understand the molecular biology of the
pathogenic agent. HIV-1 is a lentivirus (virus with long incubation period) that belongs to the
Retroviridae family-a group of RNA viruses that requires reverse transcription of DNA from viral RNA
(Benn, Rutledge et al. 1985; Wain-Hobson, Sonigo et al. 1985). HIV-1 is an enveloped virus with two
positive-sense RNA strands coding for nine HIV-1 genes: three structural genes (Env, gag, pol) and six

regulatory genes (tat, rev, nef, vif, vpr, and vpu) (Fig,1).
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Figure 1. Structure of the HIV-1 mature virion. Mature HIV-1 is an enveloped particle with the HIV-1
envelope protein cluster (Env, red) on the surface. This clustering is mediated by interaction of the Env C-
terminal tails with the matrix proteins (MA, blue), and is important for virus infection. The matrix
proteins are bound to the inner leaflet of the viral lipid bilayer. Viral RNA is encapsidated by the
nucleocapsid proteins (NC, dark blue) and is enclosed inside the capsid structure (CA, green). Other HIV-

1 regulatory proteins are not illustrated here. Reprinted with permission from Chojnacki et al. (2012).



The HIV-1 protein responsible for virus entry into host cells is the envelope (Env) glycoprotein. It is
composed of two non-covalently linked subunits (gp120 and gp41). The entry of HIV-1 begins with
binding of the gp120 protein to the CD4 receptor (Klatzmann, Champagne et al. 1984; Maddon, Dalgleish
et al. 1986), sometimes with enhancement by attachment factors like the negatively-charged heparin
sulfate proteoglycans (Saphire, Bobardt et al. 2001), DC-SIGN (Geijtenbeek, Kwon et al. 2000; Hijazi,
Wang et al. 2011) or a4p7 integrin (Arthos, Cicala et al. 2008; Cicala, Martinelli et al. 2009). This gp120-
receptor interaction induces conformational changes on the gp120 protein, which then allows binding to
the coreceptor molecules CCR5 or CXCR4 (Sattentau and Moore 1991; Alkhatib, Combadiere et al.
1996; Choe, Farzan et al. 1996; Deng, Liu et al. 1996; Feng, Broder et al. 1996). The gp120-receptor-
coreceptor complex then dissociates from the gp41 subunit. As a result, the gp41 protein adopts structural
changes and mediates fusion of the virus with the cellular membrane. The viral RNA and its associated
accessory proteins are released into the cytoplasm; the viral replication process thus begins (Sattentau and

Moore 1991; Chan and Kim 1998) (Fig.2).
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Figure 2. Schematic illustration of the HIV-1 entry. First, the gp120 subunits (blue spheres) of the Env
protein on HIV-1 surface bind to the receptor protein (CD4, green) (sometimes with enhancement from
other attachment factors). This engagement allows binding of the variable loop 3 (blue loops) to the
coreceptor molecules (purple). Subsequently, this interaction triggers structural modifications in the gp41
subunits to form six-helix bundle structure, which then leads to fusion of the viral and the cellular
membranes. Through the fusion pore, the viral core is released into the cytoplasm and viral replication

begins. Reprinted with permission from Wilen et al. (2012).



It is commonly thought that HIV-1 fusion occurs at the plasma membrane. This assumption is based on
several findings. First, electron microscopic images showed viral particles fusing at the plasma membrane
and no intracellular virions were observed (Stein, Gowda et al. 1987). Second, the use of lysosomotropic
agents to raise endosomal pH did not block HIV-1 infection (Stein, Gowda et al. 1987; McClure, Marsh
et al. 1988). Third, truncation of the cytoplasmic tail of the CD4 receptor molecule to prevent endocytosis
of CD4 and its bound viral particles did not have any effect on viral infectivity (Bedinger, Moriarty et al.
1988; Maddon, McDougal et al. 1988). Fourth, expression of the Env protein on the surface of infected or
transfected cells could mediate fusion to target cells even at neutral pH (Stein, Gowda et al. 1987; Clavel
and Charneau 1994; Rossio, Esser et al. 1998). These results suggest that HIV-1 fusion takes place
independently of low pH and most likely at the cell surface.

However, there are several limitations to this conclusion. It is well established that HIV-1 virions
contain only 10-20 Env trimers on their surface (Chertova, Bess et al. 2002; Zhu, Chertova et al. 2003;
Zhu, Liu et al. 2006). In contrast, there are many more Env proteins available on transfected/infected cells
and therefore, the fusion mechanism might be different between cell-cell fusion and virus-cell fusion.
Also, a pH-independence does not completely rule out the possibility of fusion in the endosomes. It could
be that other endosomal factors (for example, a higher concentration of coreceptor molecules present in
the endosomes compared to the surface level) are necessary for fusion.

In fact, other and more recent studies have provided evidence that HIV-1 could also infect by
endocytosis. Intracellular HIV-1 viral particles were visualized by electron microscopy and confocal
imaging (Pauza and Price 1988; Blanco, Bosch et al. 2004; Hubner, McNerney et al. 2009; Miyauchi,
Kim et al. 2009). In addition, increasing the endosomal pH could enhance HIV-1 infection, probably
through inhibition of virus degradation in these compartments (Fredericksen, Wei et al. 2002).
Importantly, virions that enter by endocytosis could establish productive infection (Miyauchi, Kim et al.
2009). In addition, inhibition of the clathrin-mediated pathway using dynasore (a chemical inhibitor that

prevents cleaving of clathrin-coated pits from the plasma membrane) prevented virus uptake (Miyauchi,



Kim et al. 2009). Miyauchi et al. also showed that virus fusion at the plasma membrane is arrested at the
lipid-mixing step and no viral core could be released (Miyauchi, Kim et al. 2009).

Furthermore, endocytosis was also demonstrated to be a key pathway for cell-cell transmission of HIV-
1 (Blanco, Bosch et al. 2004; Clotet-Codina, Bosch et al. 2009; Hubner, McNerney et al. 2009). This
route was reported to be much more infectious compared to the cell-free transmission (infection by cell-
free virions) (Dimitrov, Willey et al. 1993; Carr, Hocking et al. 1999; Sourisseau, Sol-Foulon et al. 2007).
An enhancement of up to 18,000 fold was also recorded (Chen, Hubner et al. 2007).

Overall, these findings provide compelling evidence that cell-free or cell-associated HIV-1 could infect
by endocytic entry with productive virus fusion taking place in the endosomes. This new HIV-1 entry
pathway calls for more detailed analysis and re-examination of HIV-1 interaction with host cells in early

entry events.

HIV-1 broadly neutralizing antibodies

Env is the only viral surface protein on HIV-1 that can be recognized by the immune system, and
therefore, it is the main target for HIV-1 vaccine design. However, there are many obstacles in using the
Env protein as an effective immunogen. First, there is a large (20-35%) sequence diversity in Env protein
between HIV-1 strains (Walker and Korber 2001; Gaschen, Taylor et al. 2002) due to the low fidelity of
HIV-1 reverse transcriptase and numerous recombination events (Jetzt, Yu et al. 2000). Second, the
carbohydrate coat on the Env protein is derived from the host cells and therefore it is recognized as self
by the immune system (Wei, Decker et al. 2003; Binley, Ban et al. 2010). Third, when Env-specific
antibodies are detected, they are predominantly non-neutralizing (Gnann, Schwimmbeck et al. 1987;
Palker, Matthews et al. 1987), strain-specific or are against variable loops (Davis, Gray et al. 2009;
Moore, Gray et al. 2009). The antibodies that are neutralizing are mostly against autologous and
contemporaneous viruses that quickly mutate to escape neutralization (Richman, Wrin et al. 2003; Wei,
Decker et al. 2003). And finally, the epitopes that can elicit potent and broad neutralizing antibodies are

only transiently exposed (Labrijn, Poignard et al. 2003) or sterically hindered (Labrijn, Poignard et al.



2003; Frey, Peng et al. 2008; Schief, Ban et al. 2009).

Despite these challenges, a large number of broadly neutralizing antibodies (bNAbs) have been
discovered (Kwong and Mascola 2012). Isolated from HIV-1 infected individuals who do not exhibit any
disease progression, these human monoclonal antibodies have remarkable recognition and neutralization
efficiency against a high percentage of circulating HIV-1 variants. They recognize different conserved
elements on the HIV-1 Env protein like the receptor binding site, coreceptor binding site, exposed loops,
glycans and fusion-mediating regions (Fig.3). Their strong protective power has also been demonstrated
in vivo where passively-transferred antibodies protected animals from virus acquisition (Hessell, Rakasz
et al. 2010; Moldt, Rakasz et al. 2012) or from viral spread (Klein, Halper-Stromberg et al. 2012).
Furthermore, it was also discovered that presence of 1gG antibodies against the variable loops (V1V2) on
the HIV-1 Env protein in the RV144 clinical trial, the only trial that showed vaccine efficiency (31%),
correlates inversely with the HIV-1 acquisition. This significant finding further emphasizes the essential
role of bNADbs in protection against HIV-1 infection (Haynes, Gilbert et al. 2012; Rolland, Edlefsen et al.

2012).
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Figure 3. Projection of the HIV-1 Env protein with its bNAbs. Displayed are structures of the
antibody binding fragments (Fabs) of bNAbs bound to their target sites on the HIV-1 Env protein. PG9
(yellow), PG128 (orange) and VRCO1 (green) target the glycans, variable loops and CD4 binding site
(CD4bs), respectively, on the gp120 subunit of the HIV-1 Env protein. 2F5 (pink) and 4E10 (salmon)
target the membrane proximal external region (MPER) on the transmembrane subunit gp4l of the Env
protein. The carbohydrates (blue spheres) are also modeled. The locations of PG9, 4E10, and 2F5 are

approximate. Reprinted with permission from Burton et al. (2012).
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Membrane proximal external region, 2F5 and 4E10 bNADbs

The membrane-proximal external region (MPER) is a short helical region (amino acids 660-683, HIV-1
HXB2 strain numbering) located in the gp41 subunit of the Env protein (Gallaher, Ball et al. 1989). This
region is especially attractive to researchers because it contains three short linear epitopes that are
recognized by bNAbs 2F5, 4E10 and Z13 (Muster, Steindl et al. 1993; Buchacher, Predl et al. 1994;
Zwick, Labrijn et al. 2001). For the 2F5 antibody, the ELDKWAS (662-668) sequence was found to be
essential and sufficient for antibody binding (Muster, Steindl et al. 1993; Purtscher, Trkola et al. 1994).
For the 4E10 antibody, the epitope is located in the NWFDITNWLW stretch (671-680) (Zwick, Labrijn et
al. 2001; Zwick, Jensen et al. 2005; Cardoso, Brunel et al. 2007). The Z13 antibody recognizes an epitope

that overlaps the 2F5 and 4E10 epitopes (Fig.4).
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Z13e1
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MPER: ELDKWASLWNWFDITNWLWYIK
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Figure 4. Schematic illustration of the MPER in the HIV-1 Env protein. The HIV-1 Env protein is
composed of the extracellular gp120 subunit and the membrane-bound gp41 subunit. MPER is a short
region (amino acids 662-683, HIV-1 HXB2 strain humbering) that is located immediately adjacent to the
membrane. The HIV-1 MPER residues recognized by 2F5, 4E10 and Z13el (the more potent variant of
the original Z13 antibody) are labeled (2F5, blue; Z13el, green; 4E10, purple). TM: HIV-1
transmembrane domain. The cytoplasmic tail of the gp4l subunit is not depicted here. Reprinted with

permission from Song et al. (2009).
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The MPER is partially submerged in the membrane (Sun, Oh et al. 2008; Dennison, Stewart et al.
2009; Buzon, Natrajan et al. 2010). By looking at the lipid immersion depth of the individual MPER
residues, Sun et al. (2008) revealed that most of the hydrophobic residues in the MPER (Trp, Leu, lle) are
positioned inside the nonpolar lipid bilayer while the hydrophilic residues (Asp, Asn) are directed upward
and away from the membrane. In support of this model, the crystal structure of the soluble gp41 protein
also shows a sharp bend in the MPER peptide (Buzon, Natrajan et al. 2010), which possibly assists in
positioning the MPER parallel to the membrane (Fig.5A).

Because of this immersion, binding of the 2F5 and 4E10 antibodies involves extraction of the epitope
residues from the membrane. Surface-exposed residues EL (662-663) and possibly D664 provide the
initial interaction to the 2F5 antibody molecule. This engagement then triggers conformational changes in
the MPER peptide, which promotes extraction of the epitope core DKW (664-666) by the antibody
molecule. Similarly, the hydrophobic residues WF (672-673) are also extracted out of the lipid layer by
the 4E10 antibody. Meanwhile, binding of the Z13 antibody only rigidifies the hinge region in the MPER

peptide (Fig.5B) (Sun, Oh et al. 2008; Song, Sun et al. 2009; Kim, Sun et al. 2011).
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Figure 5. Lipid-immersion of the MPER peptide and the conformational changes induced by the
bNADs. (A) Positioning of the MPER residues relative to the lipid membrane. Hydrophilic amino
acids are positioned upward and are exposed while most hydrophobic residues are submerged in the
membrane. The N674 residue was replaced by D674 to match the original MPER sequence. Epitope
residues that are recognized by the MPER bNADbs are colored (2F5 epitope, blue; Z13el epitope, green;
4E10 epitope, purple). (B) Binding of the MPER bNADbs to their epitopes. The HIV-1 MPER is an L-
shaped structure composed of two helixes connected by a short hinge. The 4E10 antibody extracts the
residues WF (672-673) out of the membrane while the 2F5 antibody lifts up the N-terminal DKW (664-
666) residues. The Z13el antibody interacts with the surface-exposed N671 and D674 and rigidifies the

hinge region. Reprinted and modified, with permission, from Song et al. (2009).
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This epitope extraction mechanism is mediated by the complementarity-determining region heavy 3
(CDR H3). CDR H3 is one of the six regions (CDR H1-3 and CDR L1-3, L for light) that make up the
antigen-binding site on an antibody molecule. Both 2F5 and 4E10 antibodies contain unusually long CDR
H3 (22 residues for 2F5 antibody and 18 residues for 4E10 antibody). The average length of the CDR H3
of an antibody against a viral antigen is 16.5 residues (Collis, Brouwer et al. 2003). The CDR-H3s on
both 2F5 and 4E10 antibodies also contain hydrophobic patches that can interact with the lipid membrane.
Mutation of these hydrophobic residues abrogates the neutralization activity because antibody mutants
can no longer bind to virus (Zwick, Saphire et al. 2004; Ofek, McKee et al. 2010; Scherer, Leaman et al.
2010; Guenaga and Wyatt 2012). More convincingly, Kim et al. (2011) also demonstrated the epitope
extraction action by the 2F5 CDR H3.

In support of this CDR H3-lipid interaction, other studies have identified specific phospholipids that
are recognized by 2F5 and 4E10, e.g. squalene, DMPE (1,2 dimyristoyl-sn-glycero-3-
phosphoethanolamine) (Matyas, Beck et al. 2009) and cardiolipin (Haynes, Fleming et al. 2005).

Because of this membrane-immersion property of the MPER, it was often thought that the MPER
epitopes are only exposed after cell binding and during virus fusion where gp41 protein undergoes major
conformational changes, as described previously. However, several studies also observed that 2F5 can
bind to the Env protein expressed on the surface of HIV-1 infected cells and to viral particles, which
implies that the 2F5 epitope is most likely constitutively exposed (Sattentau et al., 1995; de Rosny et al.,
2004). Similarly, the 4E10 epitope on the HIV-1 viral surface is accessible before cell binding (Mouquet
et al., 2010). These contradictory results were finally put together by a recent study (Chakrabarti, Walker
et al. 2011). In this study, a large panel of HIV-1 strains was analyzed for neutralization efficiency before
and after virus’s attachment to cells. They found that the MPER epitopes are in fact exposed on the viral
surface, but only for the viral strains that are highly sensitive to neutralization. In contrast, the
neutralization-resistant viruses only can be recognized by the MPER antibodies after cell binding.

Binding of the MPER antibodies results in inhibition of virus infection. 2F5 and 4E10 are potent

antibodies that can neutralize 67-100% of 90 tested primary isolates from 12 clades (Binley, Wrin et al.
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2004). Passive transfer of these antibodies in animals can protect against virus acquisition (Mascola,
Lewis et al. 1999; Baba, Liska et al. 2000; Hofmann-Lehmann, Vlasak et al. 2001; Trkola, Kuster et al.
2005; Hessell, Rakasz et al. 2010), or delay viral rebound in infected individuals (Trkola, Kuster et al.
2005). Primary isolates taken from infected patients and cultured under high concentrations of 2F5 or
4E10 were able to escape at a fitness cost, suggesting that these MPER bNAbs can apply an
immunological pressure on viral replication (Crooks, Moore et al. 2005; Manrique, Rusert et al. 2007).

Several studies examined the neutralization mechanism of 2F5 and 4E10 antibodies. In one study,
using biochemical assays, it was reported that both of these antibodies could prevent viral infection even
after virus attached to cells. In contrast, b12- an antibody that recognizes the receptor binding site on the
gpl120 protein-was most effective before cell binding (Crooks, Moore et al. 2005). Interestingly, it was
also suggested that prolonged incubation (18 hr) of 2F5 and 4E10 antibodies could induce shedding of the
gp120 protein and irreversibly inhibit viral infection (Ruprecht, Krarup et al. 2011).

Overall, because 2F5 and 4E10 could neutralize post virus-attachment, and because they recognize a
region that is important for virus fusion, it is commonly assumed that MPER antibodies neutralize HIV-1
by blocking virus fusion at the plasma membrane.

Crosslinking of viral particles by these 1gG molecules most likely does not play an important role in
neutralization. In several studies, neutralization efficiency of smaller 2F5 and 4E10 antibody fragments
(antibody binding fragments (Fabs) and single-chain variable fragment (scFv)) containing a single
antigen-recognition site were analyzed. However, no significant reduction in neutralization efficiency was
observed for these fragments compared to the 1IgG molecules (Ofek, Tang et al. 2004; Alam, Morelli et al.
2009).

In summary, the results discussed here demonstrate that the HIV-1 MPER is partially embedded in the
lipid membrane, and neutralization involves interaction between the CDR H3 of antibody molecules with
the lipid membrane for efficient extraction of the epitope core. Hence, an optimal HIV-1 immunogen that
targets these MPER epitopes has to maintain the lipid proximity context in order to elicit potent 2F5 and

4E10-like bNADs.
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I1. Vesicular Stomatitis Virus (VSV)

VSV structure

Vesicular stomatitis virus (VSV) is a virus that belongs to the Vesiculovirus genus of the
Rhabdoviridae family. Other members of the Rhabdoviridae family include rabies virus and Chandipura
virus, both viruses cause serious neurological diseases in infected humans. VSV, however, mostly infects
horses, cattle, swine and forms vesicles in the oral cavity, the skin of the coronary bands or the teat (Lyles
DS 2007). Occasionally, people in close contact with infected animals can also be infected and display
flu-like symptoms. However, the lab-adapted strains used in vaccine research are highly attenuated and
are rarely pathogenic.

VSV is an enveloped virus containing a negative-sense single-stranded RNA. Its genome is composed
of five genes in one non-segmented stretch: N (nucleocapsid), P (phosphoprotein), M (matrix), G
(glycoprotein) and L (large polymerase) (Lyles DS 2007) (Fig.6). The L and P proteins make up the
unique RNA-associated RNA polymerase that allows for transcription (from 3°-5 genomic RNA to 5°-3’

mRNAS) and replication (of 3’-5’genomic RNA) of the viral RNA strand (Rahmeh, Morin et al. 2012).
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Figure 6. Schematic illustration of VSV structure and genomic arrangement. (Top) The VSV
genome is a negative-sense single RNA strand containing five genes in 3°-5’ order: N (nucleocapsid,
green), P (phosphoprotein, cyan), M (matrix, purple), G (glycoprotein, red) and L (large polymerase,
blue). (Bottom) Illustration of the VSV structure with its proteins colored as in the top panel. The VSV
particle is a bullet-shaped enveloped virus with the glycoprotein coat on the surface. The matrix proteins
underlie the lipid membrane. Inside the nucleocapsid layer, the viral RNA is packaged together with the

phosphoproteins and the large polymerase proteins.
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VSV glycoprotein and entry

VSV glycoprotein (G) is the only viral protein on the VSV surface. Like the HIV-1 Env protein, VSV
G is present as a trimeric complex that mediates both attachment and fusion of viral particles to target
cells (Fig.7). VSV G is immunogenic and can elicit neutralizing antibodies in infected animals (Vandepol,

Lefrancois et al. 1986; Luo, Li et al. 1988).
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Monomer Trimer

3" €/

Figure 7. Structures of the VSV glycoprotein. (Left) VSV G monomer. Nter: N-terminal, Cter: C-

terminal, domains I-1V (red, blue, orange and yellow, respectively), fusion loops (light green, near Cter),
two N-linked glycosylation sites (dark green, labeled 1 and 2). (Right) VSV G trimer. The monomeric

subunits are color coded as in the left panel. Reprinted with permission from Roche et al. (2007).
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VSV G mediates viral entry in a process called clathrin-mediated endocytosis (Matlin, Reggio et al.
1982; Sun, Yau et al. 2005). This process begins with binding of trimeric glycoproteins to surface
receptors. No specific cellular receptor for VSV G has been identified, but it has been suggested that non-
specific electrostatic or hydrophobic interaction might contribute to VSV G attachment (Bailey, Miller et
al. 1984; Coil and Miller 2004). After binding, viral particles are then engulfed inside the clathrin-coated
pits that are pre-formed or induced de novo (Johannsdottir, Mancini et al. 2009). Dynamin protein is
required to pinch off these pits from the plasma membrane and releases them into the cytoplasm. As these
vesicles progress through the endocytic pathway, they shed the clathrin coat and transition to early and
late endosomes with increasingly more acidic environment. At pH below 6.5, glycoproteins go through
conformational changes that allow insertion of the VSV G fusion peptide into the host endosomal
membrane, bringing the viral and host cell membranes closer and eventually releasing the viral
nucleocapsid into the cytoplasm (Durrer, Gaudin et al. 1995; Fredericksen and Whitt 1995; Roche,

Albertini et al. 2008) (Fig.8).
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virus receptors AP-2 clathrin dynamin
Figure 8. Clathrin-dependent endocytosis of VSV. VSV particles (blue) attach to cell surface by
binding to unknown cellular receptors (orange). They diffuse to sites with pre-formed clathrin-coated pits,
or they can also induce de novo pits. The clathrin (red) and clathrin adaptor proteins (AP-2, green) are
necessary for the pit formation. The actin molecules are also needed in the pit elongation process. The
dynamin protein (purple) is recruited to pinch off the vesicles from the membrane. These clathrin-coated
vesicles will shed their coats and be acidified in the endosomes. Upon activation by the low pH, the VSV
glycoprotein will mediate fusion of the viral membrane to the endosomal membrane. The viral RNA is

released and infection is established. Reprinted with permission from Cureton et al. (2010).
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VSV as the HIV-1 viral vector and data from the internship project

There are several advantages when using VSV as a replicating vector to display viral antigens: (a) VSV
targets mammalian cells rapidly and robustly (b) VSV G induces strong and potent neutralizing antibody
response in infected animals (¢) VSV has been intensively studied and much is known about its structure
and molecular biology (d) its genome is relatively small (~11 kb), allowing easy genetic manipulation (e)
VSV has a high tolerance for insertion of foreign genes (f) the dense coat of VSV G allows more
presentation of foreign surface antigens (g) VSV is an effective vaccine vector that can be administered
easily by mucosal route (Roberts, Kretzschmar et al. 1998; Roberts, Buonocore et al. 1999; Rose, Roberts
et al. 2000; Rose, Marx et al. 2001).

For these reason, at the IAVI Design and Development Lab, we selected VSV as a replicating viral
vector to display the HIV-1 2F5 and 4E10 epitope. As discussed, the biggest challenge in HIV-1 MPER
immunogen design is to recreate the membrane submersion of the MPER peptide, which is necessary to
provide the lipid-antibody interaction involved in virus neutralization. Thus, an effective immunogen
needs to reproduce this membrane-proximal context. Using the MPER-inserted liposomes could provide
the lipid environment and this strategy has shown some promising immunogenicity in small animal
models (Hultquist, Lengyel et al.). However, this type of immunogen has a short lifetime due to rapid
degradation and clearance. In contrast, the VSV vaccine vector could prolong and amplify the
presentation of the inserted HIV-1 antigen due to the replicative ability of the virus. This VSV platform is
therefore a promising viral vector for HIV-1 MPER antigen.

During my one-year internship at IAVI, | characterized three recombinant VSV constructs with the
HIV-1 2F5 or 4E10 epitope grafted into the stem region of VSV G. This VSV G stem, or membrane-
proximal domain, was chosen because of the structural analogy to HIV-1 MPER: both are located
adjacent to the viral membrane. Also, both regions are essential for virus fusion. Therefore, by placing
HIV-1 MPER into the VSV G stem, we could replicate the lipid proximity necessary for MPER antibody

activity (Fig.9).
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VSV G V5V G-MPER

HIV-1 MPER

Figure 9. Diagram illustrating the VSV G-MPER design. The 2F5 or 4E10 epitope from the HIV-1
MPER (red cylinder) is inserted into a similar membrane-proximal region in VSV G (called G stem). The

new chimeric glycoprotein is now called VSV G-MPER.
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The location of the epitope insertion was selected to minimize disruption of conserved stretches in
VSV G stem, and to utilize common residues found in both the VSV G stem and the HIV-1 Env protein.
The VSV G-2F5-Ins construct contained 14 amino acids inserted at the N-terminal end of the VSV G
stem. In VSV G-2F5-Sub and VSV G-4E10-Sub designs, 9-13 residues were inserted at the C-terminal

end of the VSV G stem (Fig.10).
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Membrane-proximal region Trans-membrane
HIV-1 MPER (JR-FL) ...QsELLELDKWASLWNWFDITNWLWYIK  IFIM...
VS8V G (Indiana) ... Gas:DTGLSKNPIEFVEGWFSSWK  SSIA...

VSV G-2F5-ns ... GuDTGSGELLELDKWASLGLSKNPIEFVEGWFSSWK  SSIA...
VSV G-2F5-Sub ... Ga;DTGLSKNPIELLELDKWASLWNWFSSWK  SSIA...

VSV G-4E10-Sub ...G,,DTGLSKNPIEFVEGWEDITNWLWYIK  SSIA...
Figure 10. Sequence alignment of the VSV G-MPER constructs. Short linear sequences from the HIV-
1 MPER (JR-FL strain) were inserted into the stem region in the VSV G (Indiana serotype). Underlined
amino acids indicate the residues that are found in both VSV G stem and HIV-1 MPER. In VSV G-2F5-
Ins, the HIV-1 2F5 epitope (ELLELDKWASL) was preceded by a short linker peptide (GSG) to allow
some flexibility. In VSV G-2F5-Sub, the 2F5 epitope was inserted further downstream of the VSV G
stem to exploit the common E--E motif. In VSV G-4E10-Sub, 4E10 epitope (DITNWLWY!]) replaced the

original SSW sequence. Inserted residues are colored blue.



26

When we characterized the activities of these chimeric proteins, we found that only the G-2F5/4E10-
Sub proteins were fusogenic while the G-2F5-Ins protein lost its function. In this cell-cell fusion assay,
293T cells were transfected with the chimeric glycorprotein DNA plasmids. After 24 hr, cells were
treated with low pH (pH 5.2) buffer to simulate the acidic endosomal environment necessary for fusion
activity. As seen in Fig.11, mock cells (not expressing any glycoproteins) did not show any syncitia while
G wild type (wt), G-2F5-Sub and G-4E10-Sub proteins displayed various levels of syncitia formation. In
contrast, no multinucleated cells were observed for G-2F5-Ins, which indicated that this chimeric
glycoprotein could not mediate fusion. G-2F5-4E10-Sub was a protein that contained both HIV-1

epitopes and showed very minimal fusion activity.
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Figure 11. Cell-cell fusion mediated by the VSV G-MPER proteins. 293T cells were transfected by
empty DNA plasmid (mock) or DNA plasmids coding for wild type (wt) VSV G or chimeric G-MPER
proteins. 24 hr post transfection, low pH (pH 5.2) buffer was added for 1 min and the procedure was
repeated after 1 hr. Cell-cell fusion activity was visualized by formation of multinucleated cells. (Inset)
Small syncytium observed for the G-2F5-4E10-Sub protein. G-2F5-Ins was the only chimeric
glycoprotein that did not show any fusion activity. Data are taken from Lorenz et al. (Lorenz et al.,

manuscript in preparation).
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Similarly, infectivity assay of lentiviruses pseudotyped with surface G-MPER proteins also illustrated
the same pattern (Fig.12). Since these pseudoviruses only permitted a single cycle of infection (because
the glycoprotein gene was not packaged into the viral genome), this assay provided a direct measurement
of fusion efficiency of chimeric G proteins on pseudoviral surface. Infectivity was visualized by GFP
(green fluorescent protein) expression in infected cells, and quantified by luciferase expression in infected
cells. As seen in Fig.12, pseudoviruses containing G-2F5/4E10-Sub proteins maintained their infectivity
even though there was a 70% reduction compared to the wt virus. In contrast, the pseudovirus containing

the G-2F5-Ins protein lost its infectivity.



29

Mock

G-2F5-Ins G-2F5-Sub
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Figure 12. Infectivity of the pseudotyped viruses. 293T cells were transfected with DNA plasmids
coding for minimal structural lentiviral proteins and the G-MPER surface proteins. A fluorescence tag
(GFP or luciferase protein) was also included. 72 hr post transfection, pseudoviruses were collected and
added to fresh 293T cells. Images show infected cells expressing GFP after 72 hr post infection. The
values indicate infectivity compared to the wt G sample and were measured by the luciferase activity in
infected cells. Mock cells were not transfected with G protein. Data are taken from Lorenz et al. (Lorenz

et al., manuscript in preparation).
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VSV G-2F5-Sub and VSV G-4E10-Sub viruses were then rescued and characterized for their in vitro
antigenic activities. By using the ELISA assay, | found that the MPER antibodies could bind to cell-free
chimeric viruses (Fig.13A). This finding indicates that the MPER epitope is constitutively expressed on
the VSV G-MPER surface, and this continuous antigen presentation is advantageous since it could
enhance the MPER antigen’s immunogenicity.

Antibody binding also inhibits virus infection. Addition of 12.5 pg/mL of the MPER antibody reduced
viral infectivity by 90-100%. However, addition of the MPER antibody to a virus that did not contain the
MPER epitope did not have any effect, which indicates that the neutralization effect is specific and is a

result of epitope-antibody interaction (Fig.13B).
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Figure 13. VSV G-MPER chimeras are recognized and neutralized by MPER antibodies. (A)
Binding of virus to antibody. Purified virus (0.25 pg total protein per well) was first bound to the
ELISA plate and then incubated with 2F5 (red) or 4E10 antibody (blue) for 1 hr at 37°C. Secondary
antibody (conjugated with horse radish peroxidase) was added to the plate. The HRP substrate was added
and the absorbance was measured by a spectrophotometer at 450 nm. Both VSV G-2F5-Sub and VSV G-
4E10-Sub viruses are recognized by their corresponding MPER antibodies. Values are mean + standard
deviation from two independent experiments. (B) Viruses are effectively neutralized by antibodies.
Virus (2,000 plague-forming units (PFU)) was incubated with up to 12.5 pg/mL of antibody for 1 hr at
37°C. The mixture was added to Vero cells for 1 hr at 37°C/5% CO,. Cells were washed and medium
containing agarose was applied. About 16-20 hr later, cells were fixed, stained and plaques were counted.
IN denotes the VSV G Indiana strain. VSV Gy-2F5-4E10-Sub (E662G) is a chimera that contains both
HIV-1 MPER epitopes and has a mutation in the 2F5 epitope. Data are taken from Lorenz et al. (Lorenz

et al., manuscript in preparation).
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These results suggested that addition of the HIV-1 MPER epitopes did not disrupt the VSV infection
cycle but could render VSV sensitive to neutralization by MPER antibodies. These results also implied
that the VSV G-2F5/4E10-Sub vectors were effective in delivering the HIV-1 MPER epitopes in
antigenic and functional configurations.

An antigen that is recognized by its antibody in vitro is highly suggestive, but is not an indicator of its
immunogenicity. To examine whether these antigenic VSV G-MPER vectors could induce MPER-like
antibodies in vivo, rabbits were vaccinated with the VSV chimeras using a heterologous prime-boost
approach. Animals were primed twice with VSV G \piana -2F5/4E10-Sub and boosted twice with VSV
Gnew sersey-2F5/4E10-Sub. Sera were collected at different time points and analyzed for specificity and
neutralization properties. In eight tested animals (four per group), two animals in the VSV G-2F5-Sub
group elicited MPER-specific IgG antibodies but no animal in the VSV G-4E10-Sub group showed any
positive response (Table 1). A subsequent detailed analysis of the serum with the strongest response in the
VSV G-2F5-Sub group (serum V46) further mapped the epitope to the ELDKWA region, which locates

inside the 2F5 insert (Fig.14).
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Vaccination with VSV VSV VSV VSV VS5Vur

Vector 7 ¥ 7 +

Week ] 2 6 8 12 14 18 21

MPER Graft | Animal ELISA Titers
W39 - - - - - -

G-2F5-5ub W18 - - - - - - -
W46 - - - 100 400 100 100
W11 - 100 - 100 - - -
W48 - - - - - -

G-4E10-Sub W21 - - - - -
W35 - - - - - -
W13 - - - - - -

Table 1. MPER-specific 1gG response in immunized rabbits. Rabbits were vaccinated with

recombinant VSV G-MPER vectors by intramuscular injections with 10° PFU/injection. VSV G Indiana

(IN) serotype was used at weeks 0 and 6 while VSV G New Jersey (NJ) serotype was used at weeks 12

and 18. Sera were inactivated and evaluated for the IgG response to a soluble MPER peptide

(NEQELLELDKWASLWNWFENITNWLWY IK). ELISA titer is the serum dilution factor that showed

positive ELISA reading (optical density (OD) > = 0.2). A dash sign (-) denotes a negative reading (OD <

0.2). The VSV G-2F5-Sub was immunogenic since two out of four animals reacted positively in the

ELISA. The VSV G-4E10-Sub was not immunogenic. Values are from a duplicate experiment. Data are

taken from Lorenz et al. (Lorenz et al., manuscript in preparation).
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Figure 14. 1gG antibodies target the 2F5 epitope in the VSV G-2F5-Sub vector. In this ELISA-like
assay, 10-mer (A) and 15-mer (B) overlapping peptides were synthesized and used as the antigens for
serum V46 in the VSV G-2F5-Sub immunized group. The x axis displays the sequence of the overlapping
peptides. The y axis shows the arbitrary binding score (ranging from 0 to 3000) that indicates the strength
of the interaction between serum IgGs and peptides. (C) Location of the epitope recognized by the 1gG
antibodies. The elicited 1gGs are directed to the ELDKWA sequence (bold) that locates inside the 2F5
epitope (highlighted in a box) in the VSV G-2F5-Sub vector. This assay was carried out at Pepscan
Therapeutics, The Netherlands. Data are taken from Lorenz et al. (Lorenz et al., manuscript in

preparation).
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This study was very encouraging since it demonstrated that the VSV vector could be used as a
replicating immunogenic vector to display HIV-1 MPER epitopes and to elicit MPER-specific IgG
response. However, the immunogenicity was weak: while the 2F5 epitope in the VSV G-2F5-2F5-Sub
group induced MPER-specific 1gG antibodies in 50% (2/4) of animals, no response was observed for the
VSV G-4E10-Sub group, and no HIV-1 neutralization activity was detected for both immunogens. The
absence of neutralization activity, however, could also be due to the low concentration of neutralizing
antibodies in the sera. It is possible that by trying different immunization strategies or by using other VSV
G-MPER designs, we could enhance the MPER-specific immune responses. In addition, it is equally
important to understand how effective these VSV vectors are and what can be done to improve their

immunogenicity. These questions provide the frameworks for my thesis research.
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I11. Study aims

The findings from my internship project demonstrated the potential of VSV as an immunogenic
platform to display HIV-1 MPER antigens. The immunogenicity of two tested vectors, however, was
weak. Therefore, more basic understanding of these VSV G-MPER vectors is needed in order to enhance
their immunogenicity.

For my thesis projects, | aimed to identify the criteria for effective presentation of the MPER epitopes
in VSV G stem and to determine the exact neutralization mechanism of chimeric VSV G-MPER by
MPER antibodies. These studies complement each other and would provide valuable information for viral
vaccine design as explained below.

Aim 1-ldentification of the requirements for efficient display of the HIV-1 MPER epitopes by the
VSV G stem

While two chimeric viruses (VSV G-2F5-Sub and VSV G-4E10-Sub) were rescued and remained
infectious, another chimeric vector (VSV G-2F5-Ins) was defective. This observation prompted the
question: what are the key determinants that allowed some chimeric glycoproteins to be functional while
others were not? Determination of these requirements could provide better understanding of the antigenic
constraints of these HIV-1 MPER epitopes that could improve MPER immunogen designs. Furthermore,
this study has a broad application since the criteria determined here could also be applied to other MPER
epitopes and to other viral vectors besides HIV-1 and VSV.

This aim was broken down to five sub-aims with detailed goals as follows:

la. Design VSV G plasmids containing the 2F5 or 4E10 epitope with variations in sequence,
length and position of the inserts

1b. Analyze for protein expression, trimerization and ability to induce cell-cell fusion in
transiently transfected cells

1c. Examine infectivity and neutralization of lentiviruses pseudotyped with the chimeric
glycoproteins

1d. Rescue and serially passage six recombinant viruses
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le. Characterize the recombinant viruses for their infectivity, antibody binding and neutralization
Aim 2-Characterization of the neutralization mechanism of HIV-1 2F5 and 4E10 antibodies

This second aim targets a more fundamental aspect of HIV-1 broadly neutralizing antibodies. As
shown previously, the VSV G-2F5/4E10-Sub chimeras were effectively neutralized by the HIV-1 MPER
antibodies. This observation prompted a question: how can antibodies from HIV-1 (which is commonly
thought to fuse at the cell surface) block the infection of VSV (which fuses in the endosomes)? Since
MPER antibodies recognize a region that is important for virus fusion, | hypothesized that these
antibodies could neutralize VSV G-2F5/4E10-Sub by inhibiting virus fusion in the endosomes.

This study is not only restricted to our VSV G-MPER model but is also relevant to HIV-1. As
discussed, accumulating data suggests that HIV-1 could be internalized by endocytosis with virus fusion
occurring in the endosomes. In light of this new entry model, a study to re-examine the mechanism of
MPER antibodies in virus endocytic entry is much needed. In order to examine HIV-1 endocytosis,
another VSV construct (labeled VSV AG-Env) containing the HIV-1 Env protein instead of the VSV G
protein was also included for analysis.

This aim was divided into three sub-aims:

2a. Characterization of the role of the viral lipid membrane in antibody binding and
neutralization. The goal of this sub-aim is to ensure that these VSV chimeras can present the
MPER epitopes in the most native-like conformations that involves lipid-antibody interaction.

2b. Characterization of virus-antibody interaction in a pre-virus-attachment system.

The goal is to address how antibodies neutralize virus prior to attachment of virus to cells.

2c. Characterization of virus-antibody interaction in a post-virus-attachment system. The goal is
to determine if and how antibodies can neutralize viruses that have already been bound to cells.

These aims will not only guide the MPER immunogen design but could also contribute valuable

knowledge to research on viral vaccine designs and treatments of viral infections.
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CHAPTER I

IDENTIFICATION OF THE REQUIREMENTS FOR EFFICIENT DISPLAY OF THE HIV-1

MPER EPITOPES BY THE VSV G STEM

ABSTRACT

An HIV-1 vaccine that can display functional MPER epitopes in a viral lipid context is needed. In the
previous study, | identified two promising vaccine vectors that could present MPER epitopes in antigenic
conformations. A third vector with a similar insert sequence, however, was defective. In order to
understand what caused these differences and how to improve future designs, | set up a study to determine
the criteria for efficient display of the MPER epitopes by the VSV G stem. An effective chimeric
glycoprotein would be recognized by the MPER bNAbs while maintaining its fusion activity.

Seventeen G-MPER glycoproteins were constructed with variations in the length, position and amino
acid sequences of the epitope inserts. They were analyzed for protein expression, fusion function and
interaction with the HIV-1 antibodies. Subsequently, six recombinant VSV G-MPER vectors were
selected and evaluated for fitness, antibody binding, and sensitivity to antibody neutralization.

The following criteria were identified: (a) proximity to the viral membrane is beneficial; (b) shorter
insert is preferred for the 2F5 epitope; and (c) only specific insert’s sequence is tolerated. | also identified
new HIV-1 MPER residues (Tyr-Leu (681-682)) that are important for 4E10 binding and neutralization.

Taken together, these results provide guidance on how to functionally insert the HIV-1 MPER epitopes
in the VSV G stem. These chimeras are promising immunogens to be tested as HIV-1 vaccine candidates.

These rules could also be applied for other MPER epitopes and other viral vectors.
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INTRODUCTION

At IAVI, one of the main focuses is to design and test HIV-1 vaccine candidates. The current
consensus in the HIV-1 vaccine field requires that an effective vaccine candidate should target the
humoral component of the immune system in order to elicit protective and broad neutralizing antibody
response. To achieve this goal, current vaccine candidates incorporate the HIV-1 epitopes that are
recognized by the HIV-1 bNAbs; these antibodies are naturally elicited in infected individuals. This
vaccination strategy is based on the hypothesis that if these epitopes elicit strong antibody responses in
natural infection, vaccination with these epitopes could also induce protective antibody responses that
could block subsequent HIV infection.

In my project, | focused on two potent bNADbs, 2F5 and 4E10, which recognize the HIV-1 MPER and
can neutralize many HIV-1 strains. Their epitopes are short linear sequences, making them attractive
targets for HIV-1 vaccine design. Because the MPER epitopes are immersed in the lipid membrane and
the epitope-antibody interaction also involves the lipid engagement with the CDR H3s on the antibody
molecules, a desirable MPER vaccine should display these epitopes in a similar lipid-proximity.

VSV is an immunogenic virus that has many advantages as an HIV-1 vaccine vector. This vector was
selected to display the 2F5 and 4E10 epitopes in the VSV G stem region located adjacent to the lipid
membrane. In my internship project, | demonstrated that these VSV G-MPER vectors had promising
antigenic and immunogenic properties that required more understanding in order to improve their
efficacy. In that study, | illustrated that strategic insertion of the HIV-1 MPER epitope into the stem
region in the G-2F5-Sub and G-4E10-Sub proteins did not abolish fusion function. Moreover, the
chimeric viruses were recognized and neutralized by the 2F5 and 4E10 antibodies (Lorenz et al.,
manuscript in preparation). However, one glycoprotein (G-2F5-Ins) containing a similar 2F5 epitope
sequence as the G-2F5-Sub was non-functional. What are the factors that cause such disparity? And how
can we improve on these immunogen designs?

This study addressed those questions by examining the insertion requirements for efficient display of

the HIV-1 MPER epitopes by the VSV G stem. An efficient G-MPER design is defined here as one that
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has minimal disruption of the G fusion activity while preserving the epitope conformation that is
recognized by the MPER antibody. In order to carry out this aim, this study was divided into detailed sub-
aims as follows:
la. Design VSV G plasmids containing the 2F5 or 4E10 epitope with variations in sequence, length
and position of the insert

I created a panel of seventeen chimeric glycoproteins containing the HIV-1 2F5 or 4E10 epitope
inserted into the VSV G stem at various positions and at different lengths. The sequence specificity was
examined by using mutated epitope sequences.
1b. Analyze for protein expression, trimerization and ability to induce cell-cell fusion on transiently
transfected cells

The protein expression and antibody binding property were analyzed by Western blot (to characterize
total cell lysates) and flow cytometry (to characterize surface proteins). The trimerization efficiency of
glycoproteins was tested by examining the formation of trimeric complexes in presence of a membrane
impermeable chemical crosslinker. In addition, the cell-cell fusion assay provided the first assessment of
the fusion activity of the chimeric glycoproteins.
1c. Examine infectivity and neutralization of lentivirus particles pseudotyped with the recombinant
glycoproteins

Glycoproteins on transfected cells might behave differently than those on the viral surface. Hence, this
sub-aim analyzed properties of glycoproteins expressed on pseudotyped viruses.
1d. Rescue and serially passage six recombinant viruses

Six designs were selected from the panel for further characterization of proteins on surface of VSV
particles. The constructs were chosen based on their high lentiviral infectivity and neutralization.
le. Characterize the recombinant viruses for their infectivity, antibody binding and neutralization

Fusion activity and epitope presentation on chimeric glycoproteins on VSV particles were assessed and

compared.
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Analysis and comparison of the results from these sub-aims showed consistent observations regarding
the criteria for optimal MPER display that could maintain G fusion activity: epitope insertion at positions
more adjacent to the membrane was preferred. Shorter 2F5 epitope was preferred for glycoproteins
expressed in transfected cells or on lentiviral particles. Furthermore, only MPER sequences were tolerated
and non-specific sequences abolished G function. In addition, rotation of the 4E10 epitope peptide caused
by deletion of the upstream residues in the G protein also influenced 4E10 binding. I also identified two
new residues on HIV-1 MPER (Tyr-lle (681-682)) whose deletion significantly reduced 4E10 binding
and neutralization.

Overall, this study identified the criteria for efficient insertion of the HIV-1 MPER 2F5 or 4E10
epitope into VSV G stem. These recombinant G-MPER viruses are promising replicating HIV-1 vaccine
vectors that might be able to elicit MPER-specific neutralizing antibodies to protect against HIV-1
acquisition. Furthermore, these criteria can be applied to other immunogen designs using other viral

vectors and MPER epitopes.
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MATERIALS & METHODS
Cloning of DNA plasmids

Sequence of VSV G Indiana San Juan strain was codon optimized for expression in eukaryotic cells
and cloned into the pCI-Neo-AT7 plasmid (Promega) using Xhol and Notl restriction sites. PCR
fragments of chimeric G containing 2F5 or 4E10 sequences from HIV-1 Env JR-FL strain were generated
by two-step PCR reactions with overlapping primers containing insert sequences (primers sequences are
available upon request). PCR fragments were digested and ligated into pCI Neo AT7-VSV G using Apal
and Notl restriction sites.

Cloning of pSP72 vector (Promega) containing double ribozymes and genomic VSV G sequence was
as described previous (Lorenz et al., manuscript in preparation). pCI-Neo-AT7 vectors containing
individual VSV genes (3’-N-P-M-G-L-5") and bacteriophage T7 gene were also generated. For VSV-
HIV virus rescue, modified full-length genomic pSP72 plasmids were generated by replacing wild type G
sequence with chimeric G sequences containing VSV G codon-optimized 2F5 or 4E10 epitopes using
Kpnl and Pacl restriction sites.

Cell culture

293T (ATCC# CRL-11268) and Vero cells (ATCC# CCL-81) were cultured at 37°C 5% CO, in full
DMEM (composed of high glucose DMEM, 100 units/mL penicillin, 100 pg/mL streptomycin, 292
pg/mL L-Glutamine, 110 pg/mL sodium pyruvate) and 10% fetal bovine serum (FBS). All reagents are
from Gibco.

Antibodies

Mouse monoclonal anti-B-actin antibody is from Sigma-Aldrich. Rabbit anti-VSV G-CT (Sigma-
Aldrich) recognizes the cytoplasmic tail of the VSV G. Human monoclonal 2F5 and 4E10 antibodies are
from Polymun. Horse radish peroxidase (HRP)-conjugated anti-rabbit antibody is from Santa Cruz. HRP-
conjugated anti-human antibody is from Jackson Immuno Research Labs. V110 is a monoclonal antibody

that recognizes the ectodomain of VSV G. It was purified from the hybridoma received from Daniel
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Pinschewer, Geneva, Switzerland. R-phycoerythrin (PE)-conjugated goat anti-mouse 1gG is from Life
Technologies. PE-conjugated goat anti-human IgG is from Southern Biotech.
Cell transfection and Western blot

293T cells were plated to ~70-80% confluency in 6-well plates and transfected with DNA plasmids
coding for the wild type (wt) or chimeric VSV glycoproteins using polyethyleneimine (PEI) (at a 1ug
DNA : 6 pg PEI ratio). 24 hr post transfection, cells were lysed with lysis buffer (LB) which is
phosphate-buffered saline (PBS) containing 2% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate, G-Biosciences), 1 mM phenylmethylsulfonyl fluoride and 1:600 complete protease
inhibitor cocktail (Roche). Cell lysates were cleared by centrifugation and supernatants were stored at -
20°C for later analysis.

Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane using the iBlot
dry blotting system (Life Technologies). Membrane was blocked with milk buffer (0.1% Tween-20, 5%
dry milk in PBS) for 1 hr at room temperature (RT). Primary antibody diluted in milk buffer (1:10,000
dilution for rabbit anti-VSV G- CT and 1:2,000 dilution for human 2F5/4E10 antibody) was added for 1
hr at RT. Membrane was then washed three times (10 min each) in PBS-0.1% Tween buffer. HRP-
conjugated secondary antibody (at 1:10,000 dilution in milk buffer) was incubated for 30 min at RT.
ECL plus Western Blotting Detection Reagent (GE Healthcare) was added for 10 min and the membrane
was developed by the film processor (Konica Minolta SRX-101A).

Flow cytometry

293T cells were transfected with VSV G-MPER DNA plasmids as described. For each sample, 10°
cells are needed for analysis. 24 hr post transfection, cells were trypsinized, washed once in wash buffer
(1% FBS, 0.05% sodium azide, 1 mM EDTA in PBS) and incubated with primary antibody (1 pg/mL or
V110, 10 pg/mL 2F5 or 4E10) at RT for 20 min. Cells were washed and incubated with PE-conjugated
secondary antibody (2.5ug/mL PE-conjugated goat anti-mouse or 1.25 pg/mL PE-conjugated goat anti-
human) for 20 min at RT before cells were washed and analyzed using a LSR Il flow cytometer (BD

Biosciences). For permeabilized samples, cells were fixed and permeabilized with 3% paraformaldehyde
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for 30 min at RT before a wash and incubation with 1 pg/mL mouse B-actin antibody. Subsequent steps
were as described above. Data was processed using the FlowJo 9.1 software and the geometric mean of
the entire cell population of each sample was calculated.
Statistical analysis

All statistical analysis was performed with the student’s two-tailed t-test.
Crosslinking of surface glycoproteins

293T cells were transfected with VSV G-MPER DNA plasmids as described. 24 hr post transfection,
cells were washed 1X in PBS before addition of the crosslinker DTSSP (3,3"-
Dithiobis[sulfosuccinimidylpropionate], Thermo Scientific) at 0, 200 or 500 UM in PBS for 30 min at RT.
The solution was aspirated and cells were quenched and lysed with LB containing 50 mM Tris 7.4
guencher. Lysates were prepared and analyzed under non-reducing condition by the Western blot as
described.
Cell-cell fusion assay

293T cells were transfected with VSV G-MPER DNA plasmids as described. 24 hr post transfection,
supernatants were aspirated and cells were incubated in fusion buffer (1.85 mM NaH,PO,, 8.39 mM
NaHPO,, 2.5 mM NaCl, 10 mM HEPES, and 10 mM MES (2-(N-morpholino)-ethanesulfonic acid in
distilled water and adjusted to a final pH of 5.2) for 1 min. The buffer was aspirated and cells were
incubated in full DMEM-5% FBS. The process was repeated after 1 hr. 4-6 hr later, images were
acquired using an inverted microscope (Olympus IX51).
Pseudotyped lentivirus infection and neutralization

Lentivirus particles pseudotyped with wt or modified VSV glycoproteins were produced by
transfection of 293T cells with pCI-Neo-AT7-VSV-G (0.25 pg), 162H (1 pg)-a codon-optimized Gag Pol
expression plasmid (provided by Barbara Felber, National Cancer Institute, Frederick, MD) and pV1-Luc
(1 png)-a provirus plasmid with firefly luciferase reporter gene replacing the original GFP from pV1-GFP
plasmid that was provided by Theodora Hatziioannou and Paul Bieniasz (Aaron Diamond AIDS Research

Center, New York, NY). The transfection protocol is as described. Cells were incubated in full DMEM-
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3% FBS at 37°C/5% CO,. 72 hr post transfection, supernatants were collected and filtered through 0.45
pm cellulose acetate membranes. Polybrene (American Bioanalytical) was added to the supernatants to a
final concentration of 4 pg/ml and the solutions were added to fresh 293T cells (grown to ~50%
confluency). 72 hr post infection, cells were lysed with Reporter Lysis Buffer (Promega) and the
luciferase activity of the clarified supernatants was prepared by the Steady-Glo Luciferase Assay System
Kit (Promega) and detected by the Fluoroskan Ascent FL luminometer (ThermoFisher). Total protein
concentrations of cell lysates were also measured. Infectivity was calculated by the formula: infectivity =
luciferase light unit + (total protein * total lentivirus particles).

The aliquots of the filtered supernatants were also saved for determination of the lentivirus particle
concentration by Lenti-XTM p24 Rapid Titer Kit (Clontech) following the manufacturer’s protocol.

For lentivirus neutralization assay, in addition to the above steps, filtered supernatants were incubated
with corresponding HIV-1 Ab (10 pg/mL) for 1 hr at 37°C before addition to 293T cells.
Virus rescue

The procedure was as described (Lorenz et al, manuscript in preparation). Briefly, approximately
2x10" Vero cells were micro-electroporated using the NeonTM Transfection System 100 pL Kit
(Invitrogen) and the following DNA plasmids: pSP72 DR(+) VSV (50 ug) , N (8 ug), P (4 ng) and 1ug
each of M, L, G-MPER (all constructed in the pCI-Neo-AT7 expression vector) using BTX Harvard
Apparatus and under 1100 V, 20 ms, 4 pulses settings. Cells were then incubated at 37°C 5% CO, for 4
hr. Cells were transferred to 43°C/5%CO, for 2 hr before a subsequent incubation at 37°C/5% CO, until
all cells showed cytopathic effects (CPE). Viruses from the supernatants were sequenced and serially
passaged on Vero cells (multiplicity of infection (MOI) of 0.05) with a plaque purification step at passage
two. Passage-ten virus was used for amplification with Vero cells (MOI 0.05). For the purification step,
supernatants containing viruses were centrifuged at 3.000 g 10 min and filtered through a 10% sucrose
cushion at 166,800 g at 4°C for 2 hr in a Sorvall Surespin 630 rotor. Virus was diluted in TE buffer (10
mM Tris-Cl pH 7.6, 1 mM EDTA in distilled water, pH adjusted to 7.6), overlaid on top a continuous 35-

55% sucrose gradient (prepared by the Gradient Master, Biocomp) and centrifuged at 100,000 g 4°C 18
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hr in a Beckman SW41Ti rotor. 1-mL fractions were further concentrated by the SW41Ti rotor at 55,000
g 4°C 1.5 hr. Final pellets were suspended in TE/5% sucrose and stored as small aliquots at -80°C.
Densitometric analysis

Equivalent amounts of total viral protein (1 ug) of recombinant viruses were subjected to SDS-PAGE.
Membrane was then stained with the Invitrogen Simply Blue Safe Stain for 1 hr. Intensities of
glycoproteins and nucleoprotein bands were measured using the densitometry analysis function in the
Quantity One 4.6.3 program.
Growth kinetics assay

Vero cells were infected at MOI 5 for 1 hr. Cells were washed and incubated with full DMEM-5%FBS
at 37°C/5%CO0,. At 2, 4, 6, 8 and 24 hr post infection, supernatants were collected and plaqued for virus
titer.
Plaque assay

Virus-infected cells were overlaid with full DMEM-10% FBS solution containing 0.6% Seakem
agarose, 1X MEM (pH 7.0) and 1X pen/strep for 16-22 hr until plaques are visible. Cells were fixed with
7% formaldehyde for 30 min at RT, the agarose plugs were discarded and cells were stained with crystal
violet (1:20 dilution in distilled water) for 30 min at RT. Crystal violet solution was removed, cells were
washed in tap water and plaques were counted.
Plaque reduction neutralization assay

Virus (2x10* plague-forming unit (PFU)) was incubated with HIV-1 bNAb at concentrations from
0.00016 to 12.5 pg/mL (5X dilutions) at 1 hr 37°C before addition to Vero cells and a plaque assay was
performed.
ELISA

96-well Microtest plates (BD Falcon) were coated with V110 (1 pg/mL) at 4°C overnight or at RT 1 hr.
Plates were washed 3X with ELISA washing buffer (0.01% Tween-20 in PBS) and purified viruses were
added (5 pg/mL at 50 pL/well) for 1 hr 37°C. After three washes, wells were blocked with ELISA wash

buffer containing 3% dry milk for 1hr at RT. HIV-1 MPER antibody diluted in was milk buffer was
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added for 1 hr RT. Wells were washed 3X and HRP-conjugated anti-mouse was incubated for 30 min at
RT. After 3 washes, Ultra TMB ELISA Substrate (Thermo Scientific) was added for 20 min before the
reaction was stopped with 2N sulfuric acid and the absorbance was recorded at 450 nm by ELISA

microplate reader (VERSAmax reader, Molecular Devices).
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RESULTS
la. Design VSV G plasmids containing the 2F5 or 4E10 epitope with variations in sequence, length
and position of the inserts

To modify the 2F5 epitope length, | used the shorter sequence (ELDKWAS) and not the longer
sequence (ELLELDKWASLWN) in the G-2F5-Sub construct, and created constructs with this truncated
epitope (labeled t2F5). The original G-2F5-Ins construct (labeled G444-2F5-Ins here) contains the short
N-terminal linker (GSG) and was defective. It is possible that this linker was interfering with the fusion
function, and therefore it was removed in the G444-2F5 construct. Similarly, non-essential MPER
residues Y1 (681-682) in the 4E10 epitope also were deleted to shorten the insert.

To also examine the contribution of the position of insertion, the 2F5 epitope was introduced at
different points between the insertion positions of the G444-2F5-Ins and the G451-2F5-Sub constructs. |
did not select any other upstream positions because insertion at the G444 position already resulted in a
defective G444-2F5-Ins protein, and this position is also further away from the membrane compared to
the native 2F5 epitope’s position. Two constructs (G447-t4E10, G453-t4E10) were also generated with
the 4E10 epitope located fifteen and five amino acids away from the transmembrane region, respectively.

Since 4E10 epitope is a helical peptide with its core hydrophobic residues buried inside the lipid
membrane, any changes that disrupt this orientation could interfere with antibody binding. To test for the
effect of the 4E10 epitope’s immersion on antibody binding, | created four constructs
(G453/454/455/456-4E10) with sequential deletion of the VSV G residues immediately upstream to the
4E10 epitope (F43VEG). This deletion could cause the epitope to rotate, which could disrupt its
orientation in the membrane. This hypothetical effect would be measured through any reduction in 4E10
antibody binding.

For both HIV-1 MPER inserts, sequence specificity was tested by reversing the epitope’s sequence

order or by mutating all epitope residues to alanines (Fig.15).



Membrane-proximal region

Trans-membrane

HIV-1 MPER ...QgsELLELDKWASLWNWFDITNWLWYIK  IFIM...
VSV-G ... G4, DTGLSKNPIEFVEGWFSSWK  SSIA...
G451-2F5-5Sub .. Gyy3DTGLSKNPIELLELDKWASLWNWFSSWK  SSIA...
G451-t2F5 ... G4, DTGLSKNPIELDKWASWFSSWK  SSIA...
G447-t2F5 ... G4, DTGLSELDKWASKNPIEFVEGWFSSWK  SSIA... Position &
G444-2F5-Ins ... G4;DTGSGELLELDKWASLGLSKNPIEFVEGWFSSWK  SSIA... Length
G444-2F5 ... Gy;DTELLELDKWASLGLSKNPIEFVEGWFSSWK  SSIA...
G444-t2F5 ... G4, DTELDKWASGLSKNPIEFVEGWFSSWK  SSIA...
G451-rev2F5 ... G4y;DTGLSKNPIELLENWLSAWKDLWFSSWK  SSIA...

Sequence
G451-2F5-9Ala ... G4sDTGLSKNPIELLEAAAAAAAAAWFSSWK  SSIA...
G457-4E10-Sub ...G44,DTGLSKNPIEFVEGWFDITNWLWYIK  SSIA...
G456-4E10 ...G4,DTGLSKNPIEFVEWFDITNWLWYIK SSIA...
G455-4E10 ...G4,DTGLSKNPIEFVWFDITNWLWYIK  SSIA...

Position
G454-4E10 ...G1;DTGLSKNPIEFWFDITNWLWYIK  SSIA...
G453-4E10 .Gy ;DTGLSKNPIEWFDITNWLWYIK  SSIA...
G447-t4E10 .Gy DTGLSWFDITNWLWKNPIEFVEGWFSSWK  SSIA...
G457-t4E10v2 ...G4s,DTGLSKNPIEFVEGWFDITNWLWYK  SSIA...
G457-t4E10 ...G1,DTGLSKNPIEFVEGWFDITNWLWK  SSIA...
G453-t4E10 ...G1;DTGLSKNPIEWFDITNWLWFSSWK  SSIA... Length
G453-t4E10-14 ...G,;DTGLSKNPIEWFDITNWLWK  SSIA...
G457-revdE10 ...G4,DTGLSKNPIEFVEGWFIYWLWNTIDK  SSIA...

Sequence
G457-4E10-9Ala ...G1,DTGLSKNPIEFVEGWFAAAAAAAAAK  SSIA...
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Figure 15. Sequence alignment of the chimeric G-MPER constructs. The HIV-1 MPER 2F5 or 4E10
epitopes (blue and red, respectively) were inserted into the membrane-proximal region of the VSV
glycoprotein. Constructs that differ in position, sequence and length of epitopes are indicated. The ‘t’

prefix denotes a shorter epitope.
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1b. Analyze for protein expression, trimerization and ability to induce cell-cell fusion in transiently
transfected cells
Expression and antibody binding of chimeric proteins in total cell lysates

To examine the effects of epitope insertion on glycoprotein expression, cells were transfected with G-
MPER DNA plasmids and total cell lysates were analyzed for binding to antibodies. Total glycoprotein
expression was detected by a polyclonal antibody that recognizes the cytoplasmic tail of the VSV G
protein. By using this antibody (o G-CT), I observed that glycoproteins with 2F5 or 4E10 insertions had
various protein expression levels (Figs.16A-B panels B). Similar B-actin level (Figs.16A-B panels A)
proved that the disparity was not due to the different cell amounts between samples. Different states of
protein glycosylation explained the presence of the double protein bands that were evident in some
constructs (Fig.16B panel B lanes 8, 13, 14).

The pattern of total cell lysate recognition by HIV MPER antibodies was different. The best 2F5
binding was observed in constructs with the most-N-terminal epitope insertion (Fig.16A panel C lanes 6
and 7). For G-4E10 constructs, two interesting observations were made. First, removal of two supposedly
non-essential Y1 residues abolished 4E10 binding (Fig.16B panel C lanes 8 -12). Second, deletion of host
residues influenced 4E10 binding as expected. A three-residue deletion in the G454-4E10 glycoprotein
disrupted 4E10 binding while other constructs with one, two or four deletions had minimal reduction
(Fig.16B panel C lanes 4 to 7). No binding was observed for any constructs with the mutated epitopes as

expected (Figs.16 panels C lanes 9-10, 13-14).
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Lane#

... G4g;DTGLSKNPIEFVEGWF 3 3WK
...GyD TGLSKNPIEFVEGWFDITNWLWY IK
...G1DTGLSKNPIEFVEWFDITNWLWYIK
...G4,DTGLSKNPIEFVWFDITNWLWYIK
...Ga,DTGLSKNPIEFWFDITNWLWYIK

...GagDTGLSKNPIEWFDITNWLWYIK

...GagDTGLSWFDITNWLWKNPIEFVEGWEF S SWK

...G1DTGLSKNPIEFVEGWFDITNWLWYK
...G4DTGLSKNPIEFVEGWFDITNWLWK
...Gag;DTGLSKNPIEWFDITNWLWF 3 SWK

...Gag;DTGLSKNPIEWFDITNWLWK
...G44DTGLSKNPIEFVEGWFIYWLWNTIDK

...G;DTGLSKNPIEFVEGWFAAAAAAAAAK
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Figure 16. Total protein expression of chimeric G-MPER proteins in transfected cells. 293T cells

were transfected with DNA plasmids coding for the VSV glycoproteins containing the HIV-1 MPER 2F5

epitope (A) or 4E10 epitope (B). At 24 hr post transfection, cells were lysed and total protein expression

was analyzed by Western blot using B-actin antibody, G cytoplasmic tail (G-CT) antibody and MPER

antibodies (panels A, B, C, respectively). Mock cells were not transfected with any plasmids. For the G-

2F5 constructs, the ones with the N-terminal insertions showed the best 2F5 binding. For the G-4E10

constructs, deletion of MPER Y1 (681-682) residues abolished 4E10 binding. Deletion of three residues in

the G stem in the G454-4E10 protein also had the same effect. All Western blot data were from the same

experiment.
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Expression and antibody binding of surface chimeric proteins on transfected cells

Since only the surface glycoprotein is important for virus fusion activity, it is important to measure
antibody binding to only surface proteins as opposed to total proteins. For this purpose, | performed flow
cytometry to detect surface proteins expressed on intact transfected cells. | first used actin antibody to
confirm that this procedure would only detect surface proteins. As shown in Fig.17, only sample with
permeabilized cells showed positive binding to actin antibody, samples with intact cells did not permit

access of antibody molecules and therefore did not show any binding.
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Figure 17. Actin antibody only detects permeabilized cells. 293T cells were transfected with empty
pCI-Neo-AT7 DNA plasmid for 24 hr. Cells were washed and trypsinized to form single cells.
Subsequently, cells were stained with B-actin antibody (blue) for 20 min at RT. After a wash, the PE-
conjugated goat anti-mouse antibody was incubated for 20 min at RT. Fluorescence intensity was
measured by a cytometer. For permeabilized cells, cells were first permeabilized by incubating with 3%
paraformaldehyde at RT for 30 min before they were washed and stained (green) as described.
Paraformaldehyde could fix and permeabilize cells at this concentration and temperature. Red graph
denotes intact cells stained with the secondary antibody only. Displayed is a representative image from

two independent experiments.
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After confirming that the procedure selectively detected only surface proteins, surface chimeric
glycoproteins were then quantified for antibody binding. First, | quantified the surface expression by
using the V110 antibody, which recognized the constant ectodomain on all VSV glycoproteins and thus,
could provide a measurement of total surface protein expression. By comparing protein levels, it was
noted that chimeric glycoproteins had lower surface expression compared to the wt G (Figs.18A-B white
bars). This implies that insertion of foreign sequence reduced glycoprotein expression on the cell surface.

Interestingly, binding of 2F5 antibody to surface proteins had a different pattern compared to total
protein binding in Western blot. As seen in Fig. 18A, the shorter epitope enhanced 2F5 binding to the
G451-t2F5 protein compared to the longer insert in the G451-2F5-Sub protein (Fig.18A blue bars, lane 3
versus 4), though this was not observed for inserts at the 444 position (Fig.18A blue bars, lane 6 versus 8
and 7 versus 8). In addition, when the epitope’s length was fixed, insertion at the C-terminal positions
improved binding: Fig.18A lane 4 versus 5 and 4 versus 8.

The differences in Western blot and flow cytometry results could be due to the types of glycoproteins
that were detected in each method. The Western blot assay detects all proteins (processed and
unprocessed, membrane-bound and intracellular) while flow cytometry could only probes surface
proteins. However, since surface glycoproteins are the ones that mediate fusion function, the flow
cytometry results therefore have more physiological significance.

For the G-4E10 panel, | also observed the same patterns that were reported in the Western blot
experiment. First, deletion of the YI (681-682) residues diminished 4E10 binding, even though the
chimeric glycoproteins were expressed at high levels as measured by the VI10 antibody (Fig.18B red
bars, lane 3 versus 10). The 4E10 epitope positioned at the N-terminal also had significantly lower 4E10
binding (Fig.18A red bars, lane 3 versus 8 and 11), but this could also because of the Y1 residues’
absence. Moreover, the glycoprotein with three VSV G stem deletions (G454-4E10) also had the lowest
expression and 4E10 binding compared to other glycoproteins as seen previously (Fig.18B red bars, lanes

30 7), even though this reduction was not statistically significant.
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For both sets of constructs, the glycoproteins with mutated epitope sequences were not recognized by
any MPER antibodies as observed before (Fig.18A lane 3 versus 9 and 10, Fig.18B lane 3 versus 13 and
14).

The trends discussed here were determined as significant by the student’s two-tailed t-test. While
trends are typically implied based on visual differences between values in these in vitro cell culture
experiments, these statistical analyses are useful since they provided an unbiased confirmation of the

significant differences in the data.
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Figure 18. Binding of antibodies to surface glycoproteins on transfected cells. 293T cells were

transfected with DNA plasmids coding for the G-MPER proteins. Cells were washed and stained with

V110 antibody (which recognizes the ectodomain of VSV G), 2F5 (blue, A) or 4E10 antibody (red, B).

PE-conjugated secondary antibodies were added and fluorescence was measured by the cytometer.
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Fluorescence geometric mean of the entire cell population was used as an arbitrary unit to quantify the
fluorescence intensity and thus, the antibody binding. Geometric mean values of the G451-2F5-Sub and
G457-4E10-Sub constructs’ binding to their HIV-1 MPER antibodies were matched to their VI10-binding
values; other MPER antibody-binding values were then expressed relative to the Sub glycoproteins. For
the G-2F5 constructs, the construct with the truncated epitope positioned closest to the membrane (G451-
t2F5) had the best MPER-antibody binding. For the G-4E10 constructs, deletion of the YI (681-682)
residues significantly reduced 4E10 binding. Values are mean + standard error of mean of three to four
independent experiments. While not typically applied to these in vitro experiments, statistical analysis
was performed in this study to confirm significant trend. Analysis was performed for the MPER antibody
values. * denotes p < 0.005, ** denotes p < 0.0005, *** denotes p < 0.00005 as measured by the student’s

two-tailed t-test.
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Amino acid deletion affects 4E10 binding possibly by disrupting the epitope’s alignment

The data from the G-4E10 constructs with sequential deletions of the G residues immediately
upstream of the epitope (G453/454/455/456-4E10) suggested that N-terminal residue deletion altered the
antibody binding by interfering with the alignment of the 4E10 epitope. This effect is possibly through
rotation of the 4E10 epitope helix, which could result in disruption of the epitope’s orientation and
reduced antibody-recognition. This hypothetical helical rotation is depicted by the helical wheel
projections of these peptides (Fig.19). In the G454-4E10 peptide, the core epitope residues created an
antigenic motif that was predominantly located on the right side; while in other peptides, the epitope core
was presented on both sides. Our data agree with the 3.6 residues per turn model for the alpha-helix. The

rotation’s effect on the 4E10 helix’s orientation was also observed in a study by Law et al. (2007).
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Figure 19. Helical projections of the VSV glycoprotein peptides
containing the HIV-1 4E10 epitope. The core residues that are important
for 4E10 binding are labeled (red: hydrophobic, blue: hydrophilic). These
projections show the rotation of the helical peptides as sequential N-
terminal residues are removed. Circles: hydrophilic residues, diamonds:
hydrophobic residues, triangles: potentially negatively charged residues,
pentagons: potentially positively charged residues. Construct names and
projected peptide sequences are shown above each wheel. Projections were
created using the online program freely available on the website of the
Raphael Zidovetzki lab at the University of California, Riverside

(http://rzlab.ucr.edu/scripts/wheel/wheel.cgi).
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Cell-cell fusion of the chimeric glycoproteins

VSV glycoprotein is the sole viral protein that is responsible for cell attachment and virus fusion in
endosomes. To examine if chimeric glycoproteins could also mediate membrane fusion, | carried out the
cell-cell fusion assay. In this experiment, glycoproteins expressed on transfected cell surface were
induced to initiate fusion by addition of low pH buffer to provide the acidity that is required for fusion.
As seen in Figs.20A-B, while mock-transfected cells only showed single cells, wt G sample showed
substantial fusion as visualized by the presence of syncitia (multi-nucleated cells). By comparing to these
controls, it was observed that most chimeric glycoproteins could also mediate cell-cell fusion (Fig.20).

The correlation between the insert’s properties and the protein’s fusion function is similar to what was
observed for the protein expression: glycoproteins with epitopes inserted furthest away from the
membrane were unable to form syncitia (Figs.20F, G, P). In addition, mutated epitope sequence also
abolished fusion activity (Figs.20l, U, V). However, the G451-2F5-9Ala glycoprotein still retained its
fusion function, possibly because there was only one VSV G residue (Gly456) that was replaced by the
insert, and this residue was disposable or its role was compensated by the Ala stretch. A summary of the

cell-cell fusion results is also included in Table 2.
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Figure 20. Cell-cell fusion activity of the chimeric glycoproteins. 293T cells were transfected with an
empty DNA plasmid (A), DNA plasmids coding for the wt VSV G (B) or VSV glycoproteins with the
HIV-1 2F5 (C-J) or 4E10 epitope (K-V). At 24 hr post transfection, cells were incubated with pH 5.2
buffer for 1 min, and again after 1 hr. Images were acquired after 4-6 hr by a light microscope. Most
chimeric glycoproteins were able to induce cell-cell fusion. Constructs with the most N-terminal epitopes
or the mutated epitope sequences did not display fusion function. Displayed are representative images of
at least three independent experiments. (Inset) Magnified syncytium in VSV G455-4E10 sample.

Magnification: 10X.
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Constructs Sequence of the membrane-proximal region Cell-cell fusion
Mock -
G v.. G4 DTGLSKNPIEFVEGWF S SWK +

G451-2F5-Sub

«.. Gyy3DTGLSKNPIELLELDKWASLWNWF SSWK

G451-12F5 ... G4;DTGLSKNPIELDKWASWF S SWK +
G447-42F5 ... Gag,DTGLSELDKWASKNPIEFVEGWF S SWK +
G444-2F5-Ins ...G4DTGSGELLELDKWASLGL SKNPIEFVEGWF S SWK -
G444-2F5 . Gyy;DTELLELDKWASLGLSKNPIEFVEGWEF S SWK -
G444-12F5 .. Gag,DTELDKWASGLSKNPIEFVEGWF S SWK +

G451-rev2F5

v. Ggg3DTGLSKNPIELLENWL SAWKDLWF S SWK

G451-2F5-9Ala

... G4g3D TGLSKNPIELLEAAAAAAAAAWF S SWK

G457-4E10-Sub

...Ge,DTGLSKNPIEFVEGWFDITNWLWYIK

G456-4E10 ...G4DTGLSKNPIEFVEWFDITNWLWYIK +
G455-4E10 ...G1D TGLSKNPIEFVWFDITNWLWYIK +
G454-4E10 ...Gy,DTGLSKNPIEFWFDITNWLWYIK -
G453-4E10 .Gy, DTGLSKNPIEWFDITNWLWYIK +
G447-t4E10 ...GaaDTGLSWFDITNWLWKNPIEFVEGWF S SWK -

G457-tdE10v2

...Gy,DTGLSKNPIEFVEGWFDITNWLWYK

G457-t4E10

...G4gDTGLSKNPIEFVEGWFDITNWLWK

G453-t4E10

...Gy,DTGLSKNPIEWFDITNWLWF S SWK

G453-t4E10-A4

...G4 D TGLSKNPIEWFDITNWLWK

G457-rev4E10

...G1;DTGLSKNPIEFVEGWFIYWLWNTIDK

G457-4E10-9Ala

...GyDTGLSKNPIEFVEGWFAAAAAAAAAK

Table 2. Summary of the cell-cell fusion activity of the chimeric glycoproteins. The chimeric
glycoproteins contain the HIV-1 2F5 epitope (blue) or the 4E10 epitope (red) inserted into the VSV
glycoprotein stem region. Mock is the cell sample that was not transfected with an empty DNA plasmid.
The dash sign (-) denotes the absence of syncitia, the plus sign (+) denotes the presence of syncitia as
observed in Fig.20. Constructs with the epitope inserted at the most N-terminal positions were defective.
Glycoproteins with the mutated sequences also were non-functional, except for the G451-2F5-9Ala

glycoprotein. The constructs with fusion activity are highlighted.
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All chimeric glycoproteins can form trimers on the surface of transfected cells

Fusion activity in the cell-cell fusion experiment indicated that most chimeric glycoproteins were
present as trimeric and functional complexes on the cell surface. To examine whether the fusion
deficiency in some glycoproteins was due to the inability of proteins to form trimers, | performed a
crosslinking assay. In this assay, surface proteins were crosslinked by a membrane-impermeable chemical
crosslinker and specific polymeric formation was detected in a non-reducing Western blot. As seen in Fig.
21, crosslinking analysis showed that fusion defect was not due to the absence of trimers. All surface
glycoproteins formed trimers as indicated by the presence of protein bands at 170 kDa, which
corresponded to the trimer’s size (Fig.21). More polymeric complexes were detected at higher
concentration of the crosslinker, possibly because there were more crosslinker molecules to link adjacent
surface proteins.

It is also possible that the amount of surface trimer might affect fusion activity, and a trimeric protein
level above the threshold is required to mediate fusion. However, it was reported for HIV-1 and influenza
virus that less than ten trimers are efficient for membrane fusion (Danieli, Pelletier et al. 1996; Yang,
Kurteva et al. 2005; Magnus, Rusert et al. 2009). Thus, it is more likely that the cell-cell fusion defect
observed for some G-MPER proteins is because of the inability of these proteins to mediate fusion (e.qg.,
proteins can’t undergo the conformational changes necessary for fusion), and not due to the low level of

surface trimers.



66

G451-2F5-Sub G447-12F5 G444-2F5 G451-rev2F5 G457-4E10-Sub
G451-t2F5 G444-2F5-Ins G444-t2F5 G451-2F5-9Ala

G455-4E10 G453-4E10 G457-t4E10v2 G453-t4E10 G457-rev4E10
G456-4E10 G454-4E10 G447-t4E10 G457-t4E10 G453-t4E10-A4  G457-4E10-9Ala

3x
2x
1x

Figure 21. All chimeric glycoproteins can form trimeric complexes on the cell surface. 293T cells

were transfected with DNA plasmids coding for the G-MPER proteins and at 24 hr post transfection, cells
were incubated with 0, 200 or 500 uM membrane-impermeable crosslinker DTSSP for 30 min at RT. The
reaction was quenched, cells were lysed and lysates were analyzed in Western blot under non-reducing
conditions. Glycoprotein bands were detected by the VSV G-CT antibody and different oligomeric forms
are indicated (1x: monomer, 2x: dimer, 3x: trimer). For each glycoprotein, the three lanes from left to

right are from lysates incubated with 0, 200 and 500 .M DTSSP, respectively.
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1c. Examine infectivity and neutralization of lentiviruses pseudotyped with the chimeric
glycoproteins

To examine the function of the chimeric glycoproteins in the context of the virus particles, | utilized the
pseudotyped lentivirus system. This system provided a quick and easy method to produce and
characterize fusion activity of glycoproteins on the lentiviral surface. The lentivirus particles were
produced from 293T cells transfected with the DNA plasmids coding for the G-MPER proteins and the
backbone viral proteins. The luciferase gene was also included to allow quantification of viral infectivity.

As seen in Table 3, lentivirus carrying the wt G had the highest infection compared to those with
chimeric proteins, which suggests that insertion of the epitope reduced viral infectivity. Patterns that were
observed in previous assays also were detected for lentiviruses.

First, insertion of the epitopes away from the membrane has the most destructive effect: all the
lentiviruses with glycoproteins containing the most N-terminal epitopes lost their viral infectivity (Table
3, samples 6, 7, 16). Insertion of the epitopes closer to the transmembrane domain could rescue and
improve viral infectivity (Table 3, sample 4 versus 8, sample 16 versus 20).

Second, inserts with truncated sequences were more fusogenic (Table 3, sample 6 versus 8). However,
there was no statistical significance in infectivity between the G451-2F5-Sub (sample 3) and the G451-
t2F5 lentiviruses (sample 4), even though the shorter epitope previously showed higher antibody binding
to the surface protein in flow cytometry (Fig.18). It is likely that when the 2F5 epitope is already located
adjacent to the membrane, a shorter epitope could enhance 2F5 binding but not the viral infectivity.

Third, non-specific insert’s sequence abolished fusion (Table 3, sample 3 versus 9, sample 11 versus 21
and 22), except for the G451-2F5-9Ala sample (sample 10), as also detected in the cell-cell fusion assay
(Table 2). These findings demonstrate that residues from the MPER inserts do play an important role in

mediating VSV fusion, and that only specific sequences strategically inserted would be tolerated.



Sample # Constructs Sequence of the membrane-proximal region Cﬂ?:}gz" Infection (%) NzeFust:)arli;Et‘Iigr:quf:r

1 Mock 0£1 ND

2 G ... Gg3D TGLSKNPIEFVEGWF SSWK + 100£0 10 £ 11
3 G451-2F5-Sub .. Byg;DTGLSKNPIELLELDKWASLWNWF SSWK + 48 £10 100%0
4 G451-t2F5 ... G4y;DTGLSKNPIELDKWASWF 8 SWK + 52+5 1000
5 G447-12F5 ... G4g;D TGLSELDKWASKNPIEFVEGWF SSWK + 16 %1 96 +2
6 G444-2F5-Ins ..G4;DTGSGELLELDKWASLGLSKNPIEFVEGWF SSWK 0£0 a ND

7 G444-2F5 ... G4g;DTELLELDKWASLGL SKNPIEFVEGWF SSWK 4%0 a a ND

8 G444-t2F5 ... G4DTELDKWASGL SKNPIEFVEGWF S SWK + 21+4 97 £1
9 G451-rev2F5 .. GygsDTGLSKNPIELLENWL SAWKDLWF S SWK 7%2 ND
10 G451-2F5-9Ala .. GgaD TGLSKNPIELLEAAAAAAAAAWF SSWK + 334 ND
1 G457-4E10-Sub ...G14,DTGLSKNPIEFVEGWFDITNWLWYIK + 185 99 +0
12 G456-4E10 ...Ga;DTGLSKNPIEFVEWFDITNWLWY K + 18+4 99+0
13 G455-4E10 ...Gag;DTGLSKNPIEFVWFDITNWLWYIK + 15+3 1000
14 G454-4E10 ...G3,DTGLSKNPIEFWFDITNWLWYIK 91 nD | 2
15 G453-4E10 ...G14,DTGLSKNPIEWFDITNWLWYIK + 23+8 a 99 +0
16 G447-4E10 ...Ga3DTGLSWFDITNWLWKNPIEFVEGWF S SWK 21 a ND
17 G457-t4E10v2 ...G43DTGLSKNPIEFVEGWFDITNWLWYK + 32+7 5710
18 G457-t4E10 ...Gag,DTGLSKNPIEFVEGWFDITNWLWK + 3323 |a 5212
19 G453-t4E10 ...G45;DTGLSKNPIEWFDITNWLWF S SWK + 41+6 34+4
20 G453-t4E10-04 ...G4;DTGLSKNPIEWFDITNWLWK + 65+13 177
21 G457-rev4E10 ...G1,DTGLSKNPIEFVEGWFIYWLWNTIDK 1%0 ND
22 GA57-4E10-9Ala ...G45;,DTGLSKNPIEFVEGWFAAAAAAAAAK 1%1 ND

Table 3. Infectivity and antibody neutralization of lentiviruses pseudotyped with the G-MPER
proteins. 293T cells were transfected with the DNA plasmids coding for the G-MPER protein, lentiviral
backbone proteins (Gag, Pol) and luciferase protein. 72 hr post transfection, supernatant was collected,
filtered and applied to fresh 293T cells. 72 hr post infection, cells were lysed and luciferase activity was
measured by a luminometer. For neutralization assay, filtered supernatants were incubated with the
corresponding HIV-1 MPER antibody (10 pg/mL) for 1 hr 37°C before addition to fresh 293T cells.
Neutralization of wt G was performed with the 2F5 antibody. The patterns in lentivirus system are similar
to those found in previous experiments: lentiviruses pseudotyped with glycoproteins containing the

shorter epitope located at the C-terminal end has higher infectivity. Moreover, non-specific epitope

sequence would disrupt virus infection. In addition, removal of Y1 (681-682) residues renders the
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pseudovirus more resistant to 4E10 neutralization. The cell-cell fusion data are also presented for
comparison. Constructs displaying cell-cell fusion activity (indicated by the presence of syncitia, and
denoted by the plus sign (+)), infectivity or neutralization (values greater than 15%) are highlighted.
Values are mean + standard error of mean from two-four independent experiments. The dash sign (-)

denotes no syncitia formation, ‘a’ denotes p < 0.05, * denotes p<0.005. ND, not determined.
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To investigate whether the infection of these pseudotyped viruses could be inhibited by antibodies, the
virus supernatants were pre-incubated with 10 pg/mL of the corresponding antibody for 1 hr at 37°C
before addition to fresh cells. As seen in Table 3, there was a significant drop in lentiviral infectivity in
the presence of the antibodies (Table 3 samples 1-15). The results implied that the MPER epitopes were
presented in proper conformations that were recognized by their antibodies to allow for virus
neutralization.

It was noted previously that removal of the Y| residues dramatically reduced 4E10 binding to total or
surface glycoproteins. This property could explain the substantial drop in 4E10 neutralization efficiency
for the glycoproteins lacking these residues (Table 3 sample 11 versus 17 and 20). No statistical analysis
was performed for the samples 18 and 19 because of the small sample size (n= 2).
1d. Rescue and serially passage six recombinant viruses

Six chimeric constructs were selected for virus rescue and further characterization. The criteria for
selection were high pseudovirus infectivity and neutralization by the HIV-1 antibodies. The three
constructs chosen from the G-2F5 panel were G444/447/451-t2F5. These constructs contain the same 2F5
epitope sequence and only differ by the position of the insert. For the G-4E10 panel, the G453-4E10 and
G456-4E10 constructs were selected because they were neutralized up to 99% by the 4E10 antibody
(Table 3). The G457-t4E10 construct was also chosen because | wanted to assess whether the Y1 double-
deletion could also decrease 4E10 binding and neutralization of recombinant virus.
le. Characterize the recombinant viruses for their infectivity, antibody binding and neutralization
Epitope insertion does not affect the growth kinetics of viruses

| first analyzed for viral fitness by the one-step growth kinetics assay. The infectivity of viral progeny
was measured at different time points after virus infection. As seen in Fig.22A, all recombinant viruses
grew to similar titers as the wt VSV, which implies that there is no growth defect by epitope insertion.
Surprisingly, even though we observed a reduction in infectivity for pseudotyped lentiviruses (Table 3),
the recombinant VSV chimeras were just as robust in replication as the wt virus. This difference could lie

in the fact that the lentiviruses were one-cycle infectious units and their infectivity only reflects the fusion
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efficiency of the packaged chimeric glycoproteins. Recombinant viruses, on the other hand, are capable of
multiple rounds of infection and they were also adapted to growth in Vero cells by sequential passaging.
There might be potential variations in viral growth in earlier passages but those differences were not
evident at passage-10 viruses. Nevertheless, a robust growth is beneficial from a vaccine-design stand
point since it ensures amplification and spread of the vaccine vector.
Epitope insertion reduces surface glycoprotein level on some chimeric virions

The growth kinetics of the chimeric viruses was similar, but was the glycoprotein level the same? For
this analysis, | analyzed purified viruses to measure the level of incorporated glycoproteins on viral
particles. Equivalent amounts of total viral proteins (1 pg) were subjected to reducing SDS-PAGE and the
total viral proteins were stained with Coomassie. The concentration of G-MPER protein on viral surface
was quantified by densitometry and normalized to the nucleoprotein protein (N) concentration. Results
from Fig. 22B show that the viruses with chimeric G-MPER proteins have lower surface protein level
compared to the wt virus. Two viruses (VSV G451-t2F5 and VSV G457-4E10-Sub) have no or very low
reduction (3%) in protein level while other viruses have up to 64% reduction. Even though chimeric

viruses contain different amounts of surface proteins, this variation does not affect viral growth.
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V8V G453-4E10 ...Gag;DTGLSKNPIEWFDITNWLWYIK
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Figure 22. Analysis of surface chimeric glycoprotein on recombinant viruses. (A) Recombinant

viruses grow at similar kinetics as the wt VSV. Vero cells were infected with passage-10 viruses at

MOI 5. Cellular supernatants containing newly released virions were collected at 2, 4, 6, 8, 24 hr post

infection and titered for plague forming units (PFU). (B) Chimeric G-MPER proteins are incorporated

into viral particles at various levels. Purified viruses (1 pg total viral proteins) were subjected to

reducing SDS-PAGE and viral proteins were stained with Blue Safe Stain. The intensity of the

glycoprotein and nucleoprotein bands was measured and expressed as the G-MPER: N ratio. Values are

mean of two to three independent experiments. Data in panel B is expressed with the standard error of

mean.
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Binding and neutralization of 2F5 and 4E10 antibodies to recombinant viruses

HIV-1 MPER insertion did not affect virus growth, but were the epitopes displayed correctly? To
investigate, | measured binding and neutralization of these viruses by the MPER antibodies. Antibody-
virus interaction was quantified in the ELISA assay where immobilized viral particles were probed with
the HIV-1 2F5 and 4E10 antibodies.

Regarding the 2F5 chimeras, the VSV G451-t2F5 virus displayed higher binding than the viruses with
the 2F5 epitope that were placed at more N-terminal positions 444 and 447 (Fig.23A). However, there
was no statistically-significant difference in 2F5 binding between the short and long epitopes in the VSV
G451-t2F5 and VSV G451-t2F5 viruses, respectively. This observation suggests that when the epitope is
inserted at the C-terminal, the length of the 2F5 epitope does not affect 2F5 binding to viral protein, while
a shorter epitope is beneficial for a chimeric glycoprotein expressed in transfected cells.

The 4E10 binding of Yl-deleted virus (VSV G457-t4E10) was about 50% less efficient than the virus
with the full-length epitope (Fig.23B). This observation validates that the Y1 residues are also necessary
for 4E10 binding to VSV virions.

Viruses were not recognized by the non-corresponding MPER antibodies: viruses with 2F5 epitope did
not bind to 4E10 antibody, and vice versa. This finding confirms that recombinant VSV particles are
recognized by their antibodies, and this interaction is from specific epitope-antibody and not from non-

specific antibody-viral lipid interaction.
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Figure 23. Binding of antibodies to recombinant VSV G-MPER vectors. Purified recombinant viruses
containing the HIV-1 2F5 (A) or 4E10 (B) epitope in the VSV glycoprotein stem region were measured
for antibody binding in ELISA. ELISA plates were pre-coated with V110 antibody (against the VSV G
ectodomain) and incubated with viruses. Immobilized viruses were then blocked and probed with 2F5 or
4E10 antibody at concentrations up to 30 pg/mL for 1 hr at RT before addition of HRP-conjugated
secondary antibody. Virus-antibody interaction was measured at 450 nm by a spectrophotometer.
Insertion of the 2F5 epitope at the C-terminal position was preferred though at this position (451),
epitope’s length did not influence antibody’s binding. Deletion of Y| residues diminished 4E10 binding.
Displayed are mean values from three independent experiments. ‘a’ denotes p < 0.05, * denotes p<0.005.
OD, optical density. Statistical analysis was performed using the OD values at the highest antibody

concentration (30 pg/mL).
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Next, virus neutralization was assessed by pre-incubating virus with HIV-1 bNAbs for 1 hr at 37°C
before addition to Vero cells. Except for the VSV G457-t4E10 virus, antibody binding reduced virus
infection, indicating that the epitopes are presented in functional conformation (Fig.24).

Similar to previous findings, the virus with the 2F5 epitope located at the C-terminal (VSV G451-t2F5)
was neutralized more effectively than viruses with the epitope at more upstream positions (VSV G444-
t2F5, VSV G447-t2F5). Also, the longer epitope in the VSV G451-2F5-Sub did not affect neutralization
level.

Compared to the 93% reduction in VSV G457-4E10-Sub viral infectivity at 12.5 pg/mL concentration
of 4E10 antibody, there was only 16% reduction for the VSV G457-t4E10 virus with the Y1 deletion
(Fig.24B). Therefore, HIV-1 MPER Y1 (681-682) residues are not only important for 4E10 binding but
also for virus neutralization. In an antibody-isotype control experiment, | observed that non-specific
MPER antibody could not neutralize VSV G-MPER chimeras (Fig.25). Together, these data imply that

the MPER epitopes were displayed in functional conformations by VSV viral vectors.
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Figure 24. Neutralization analysis of recombinant VSV G-MPER. Chimeric viruses containing 2F5
epitope (A) or 4E10 epitope (B) were pre-incubated with the corresponding HIV-1 antibodies (at
concentrations ranging from 0.02 to 12.5 pug/mL) at 37°C for 1 hr before overlaying onto Vero cells.
Neutralization was quantified by the PFU. Viruses with the 2F5 epitope located closer to the membrane
(at position 451) showed the highest neutralization efficiency. Deletion of residues Y1 (681-682) also
rendered the G457-t4E10 virus insensitive to 4E10 neutralization. ‘a’ denotes p < 0.05, * denotes p <

0.005, ** denotes p < 0.0005. OD, optical density. Values are mean of three independent experiments.
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Figure 25. Recombinant VSV G-MPER vectors are not neutralized by non-specific antibodies.
Viruses with the 2F5 epitope were pre-incubated with the 4E10 antibody (at 0.02 to 12.5 pg/mL) at 37°C

for 1 hr before the mixture was added onto Vero cells and a plaque assay was performed. Similarly,

viruses with the 4E10 epitope were pre-incubated with the 2F5 antibody. Values are mean of three

independent experiments.
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DISCUSSION
Criteria for efficient presentation of the HIV-1 MPER epitopes in the VSV G stem

The membrane-proximal external domain from the HIV-1 Env and the VSV G proteins are both
implicated in virus fusion event, which could explain their conserved sequences (Munoz-Barroso,
Salzwedel et al. 1999; Salzwedel, West et al. 1999; Jeetendra, Ghosh et al. 2003). Modification of this
region typically abolishes fusion activity. In one study, the HIV-1 Env protein lost its fusion function
when the MPER sequence was edited (Salzwedel, West et al. 1999). Similarly, insertion of only three
amino acids into the VSV G stem abolished fusion (Li, Drone et al. 1993). In this first aim, |
demonstrated that the VSV G stem could be modified to display foreign sequences without losing its
function. Out of twenty tested chimeric VSV G-MPER proteins, thirteen retained the G fusion activity.
Therefore, it is possible to construct a functional G-MPER chimera; however, in order to design these
functional glycoproteins, one must follow the criteria identified in this study.

| first demonstrated that membrane-proximity is beneficial for both 2F5 and 4E10 epitopes. The 2F5
epitope, originally 15 residues away from the membrane in the HIV-1 Env protein, was functional in the
VSV G stem when it was placed up to 18 residues away from the membrane. However, a chimera with
the 2F5 epitope located closer to the membrane had higher expression and antibody binding. In contrast,
the 4E10 epitope was less tolerated and was only functional when it was placed immediately adjacent to
the membrane, possibly because the epitope’s submersion in lipid bilayer is crucial to maintain its
hydrophobicity.

A shorter sequence was preferred for the 2F5 epitope, which is expected. It is logical that a smaller
insert would minimally interfere with the conserved fusion domain in the VSV G stem, while a longer
insert could cause a more disruptive effect. However, for viruses containing the 2F5 epitope located at the
most C-terminal position (451), a shorter epitope did not enhance binding or neutralization. It is likely
that glycoproteins on viral surface behave differently than those on transfected cells. I also analyzed the
length requirement of the 4E10 epitope by removing the MPER C-terminal residues (Y1 (681-682)) that

were thought to be non-essential for 4E10. Glycoproteins with truncated 4E10 epitope remained
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functional as measured by viral infectivity. Nevertheless, a shorter epitope is recommended since it
minimizes the disruption of the scaffold protein.

Sequence of the insert also has to be specific, as glycoproteins with mutated insert sequences had
disrupted fusion activity. This latest observation implies that the inserted HIV-1 MPER residues also
contribute to VSV fusion activity. How do the graft’s residues mediate fusion of the unrelated host
glycoprotein? Do all residues contribute equally, or only a few residues are critical? Can we also insert
protein sequences derived from other regions on the Env protein, or only MPER-derived sequences are
accepted? A future mutagenesis study that examines the contribution of amino acids in the membrane
fusion activity could provide better understanding about the virus fusion mechanism.

Identification of new MPER residues that are important for 4E10 binding and neutralization

The Y681 and 1682 residues located at the C-terminal end of the 4E10 epitope were thought to be non-
essential for 4E10 binding (Zwick, Labrijn et al. 2001; Zwick, Jensen et al. 2005; Cardoso, Brunel et al.
2007). However, our data indicated that removal of these amino acids dramatically reduced 4E10 binding
and rendered the chimeric virus insensitive to neutralization (Fig.24B). These results suggest that these
HIV-1 MPER residues also play an important role in antibody interaction with 4E10 epitope presented in
VSV G stem.

The MPER Y681 residue was reported to be involved in 4E10 interaction in one HIV-1 gp4l
mutagenesis study (Hager-Braun, Katinger et al. 2006). Cardoso et al. (2007) also observed van der
Waals interaction of Y681 to the lysine residue at the base of the 4E10 CDR H3 loop. They suggested that
Y1 residues could stabilize and orient the epitope for antibody binding. In addition, rare 4E10-resistant
viruses from infected subjects with MPER polymorphisms demonstrated that antibody sensitivity required
more than just mutations in the core epitope (Nakamura, Gach et al. 2010). Overall, these studies support
our observation that additional residues are essential for MPER antibody activity.

Whether our observation is also true for HIV-1 or not, it will have to be examined by an independent
mutagenesis study with the HIV-1 Env protein. This study can address whether the Y1 (681-682) residues

in its native Env context are still essential for 4E10 binding and neutralization. Moreover, mutations can



80

be extended to residues outside of the MPER to identify additional residues that are essential for
recognition by the 2F5 and 4E10 bNADbs.
VSV G-MPER viruses are promising HIV-1 vaccine vectors

Previous HIV-1 vaccine designs that target the epitopes have had limited success in eliciting broadly
protective antibody responses. The soluble epitope scaffolds were able to elicit antibodies with
remarkable structural similarities to 2F5. However, they lacked the long CDR H3, which might explain
their inability to neutralize HIV-1 in in vitro assay (Ofek, McKee et al. 2010). In another study, the
MPER-specific weakly neutralizing antibody responses were generated when mice or rabbits were
immunized with the recombinant chimeric proteins (Xiao, Zhao et al. 2000; Wang, Tong et al. 2011).
These immunogens lack the membrane context and therefore, it is questionable whether the elicited
antibodies also have the uniqgue MPER bNADbs properties that play a role in their neutralization activities.
In a different study, chimeric viral proteins associated with the lipid membrane produced only weakly
neutralizing effect, which could partially be because the MPER was inserted away from the membrane
(Zhang, Huang et al. 2004; Ye, Wen et al. 2011). Similarly, viruses carrying the HIV-1 MPER epitopes
on the N-terminal region of surface viral proteins also generated weak neutralizing antibody response in
small animal models (Muster, Guinea et al. 1994; Marusic, Rizza et al. 2001). Overall, studies have
shown that MPER immunogen could elicit MPER-specific antibody response, but the in vitro
neutralization activity is weak and thus, no MPER-specific immunogen has been advanced to the non-
human primate study.

Here, | presented data indicating that the VSV vector is a promising MPER vaccine vector because it
could present the HIV-1 MPER epitopes in a similar lipid-proximal region on the viral surface protein.
Furthermore, these chimeric vectors remain infectious and therefore, when used as immunogens, the virus
replication could prolong antigen presentation and trigger the MPER-specific immune responses. Our
pilot immunization study proved that these vectors can elicit MPER-targeted 1gG responses. However, the
response was weak and non-neutralizing (Lorenz et al., manuscript in preparation). It is possible that by

combining different viruses carrying the same epitope sequence (e.g., VSV G451-t2F5 with VSV G447-
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t2F5 and VSV G444-t2F5), we could exploit the synergistic effect of different antigen presentations to
further boost the antibody response. In addition, one could also design a VSV chimera with both the HIV-
1 Env and the VSV G-MPER surface proteins. In this strategy, presence of the additional HIV-1 Env
protein could induce other Env-specific bNAbs and potentially direct the humoral immunity to the
common MPER sequence. A future study can examine the immunogenicity of these vectors.

Application of the findings from this study

The criteria identified here could also be applied to vaccine designs for other pathogenic viruses. For
example, in the influenza virus, the CR6261 bNAb also targets a membrane-proximal epitope located in
the hemagglutinin surface protein (Ekiert, Bhabha et al. 2009; Sui, Hwang et al. 2009). The epitope
recognized by this bNAb is composed mostly of a linear peptide from the MPER in the HA2 subunit, with
some hydrophobic contacts from the adjacent HA1 subunit (Ekiert, Bhabha et al. 2009). Presentation of
this linear epitope by a replicating viral vector using the strategy identified in this study might be
sufficient to elicit protective humoral responses against influenza virus.

The results from this aim could also be applied to other viral scaffold proteins besides VSV G. For
example, herpesvirus glycoprotein B is a good candidate since it is also a class Il fusion protein like VSV
G, and herpesvirus is a DNA virus so mutation will not be an issue. Fusion protein F of paramyxoviruses
is a class | fusion protein like HIV-1 so it can also be used to present the MPER epitopes. These are some
potential directions to be pursued in future immunogen design studies.

In summary, MPER-targeted immunogen design using the replicating VSV vector is a promising
approach that could present highly conserved viral epitopes in a similar lipid environment. The first aim
of this thesis identified strategy for effective immunogen design using viral vectors. These vectors are
potential immunogenic vaccine candidates that could generate MPER-directed broadly neutralizing

antibodies and protect against HIV-1 infection.
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CHAPTER II

CHARACTERIZATION OF THE NEUTRALIZATION MECHANISM OF HIV-1 2F5 AND 4E10

ANTIBODIES

ABSTRACT

In my internship project, we designed VSV G-MPERs-chimeric VSV vectors containing the HIV-1
MPER epitopes-and demonstrated that these viruses were effectively neutralized by the HIV-1 MPER
antibodies. VSV G-MPERs naturally enter cells by endocytosis while in contrast, HIVV-1 is commonly
thought to fuse at the plasma membrane. How do these HIV-1 MPER antibodies block VSV’s endocytic
entry?

In this second aim, | examined the neutralization mechanism of the HIV-1 MPER antibodies by
characterizing three VSV vectors: VSV G-2F5-Sub, VSV G-4E10-Sub and VSV AG-Env, a VSV chimera
with the surface protein VSV G replaced by the HIV-1 Env protein.

By using a combination of biochemical assays and visualization techniques, | found that the HIV-1
MPER bNADbs could bind to cell-bound or cell-free viral particles in a temperature-dependent manner.
However, this interaction does not prevent attachment of soluble virus to cells. At 1 hr post virus entry,
approximately 45% of the virus-antibody complexes are present in the endosomes. Binding of the
antibodies to the G-MPER proteins could also abrogate their acid-activated cell-cell fusion activity.

Together, these results suggest that the HIV-1 MPER antibodies could inhibit virus infection by
blocking virus fusion in the endosomes. This study reveals a novel intracellular neutralization mechanism

by the HIV-1 MPER bNADs that is relevant to research in HIV-1 vaccine and therapeutics.
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INTRODUCTION

In my internship project, | characterized two VSV vectors containing the HIV-1 2F5 or 4E10 epitope
(VSV G-2F5-Sub and VSV G-4E10-Sub, respectively). | found that these viruses were infectious and
could be efficiently neutralized by the corresponding HIV-1 antibodies. This finding was quite intriguing
since VSV and HIV-1 are from two unrelated families. Also, VSV enters by clathrin-mediated
endocytosis while HIV-1 is commonly thought to fuse at the plasma membrane. These observations
prompted the question: what is the mechanism employed by HIV-1 antibodies in neutralizing VSV-HIV
viruses? Understanding how chimeric VSV-HIV vectors are neutralized can help us design more effective
vaccine vectors.

This study is not only restricted to our VSV vectors but also is relevant to the HIV-1 field. As
discussed in detail in the previous Introduction section, HIV-1 fusion is often assumed to take place at the
plasma membrane. However, many studies have provided convincing evidence that HIV-1 could also
enter by endocytosis to establish productive infection (Pauza and Price 1988; Miyauchi, Kim et al. 2009).
This endocytic pathway is especially important in HIV-1 cell-cell transmission (Clotet-Codina, Bosch et
al. 2009; Hubner, McNerney et al. 2009). Previous bNADb neutralization studies were based on the plasma
membrane fusion model, and therefore did not address this equally important endocytic pathway. Hence,
it is essential to re-examine the neutralization mechanism of 2F5 and 4E10 bNADbs to understand how
they inhibit HIV-1 endocytic entry.

Since VSV fuses in the endosomes and the MPER antibodies recognize a region that mediates fusion, |
hypothesized that the HIV-1 MPER antibodies could block chimeric VSV viruses by preventing virus
fusion in the endosomes. In order to test my hypothesis, | divided this study aim into three sub-aims as
follows.
2a. Characterization of the role of viral lipid membrane in antibody binding and neutralization

The goal of the first sub-aim is to confirm that the MPER epitopes are presented in native-like
conformations in three VSV vectors (VSV G-2F5-Sub, VSV G-4E10-Sub and VSV AG-Env, a chimera

containing the surface HIV-1 protein instead of the VSV glycoprotein). As discussed in the Introduction
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section (page 10), it has been demonstrated by several studies that MPER antibody binding and
neutralization requires interaction with the viral lipid membrane. Therefore, it was essential to validate
that the antibody-lipid interaction was also important for neutralization of VSV vectors, which would
confirm that these VSV vectors were efficient substitution for HIV-1 in this neutralization study. To
examine the contribution of the viral lipid, | analyzed the temperature dependency and virus interaction
with the MPER antibody mutants. Results indicated that the viral lipid was important for neutralization of
these viruses.

2b. Characterization of virus-antibody interaction in the pre-virus-attachment system

Using a combination of biochemical assays and visualization techniques, | found that the HIV-1
MPER bNADbs could bind to cell-free virions, but this engagement did not prevent the virus-antibody
complexes from attaching to cells. Virus-antibody complexes were further visualized in the endosomes by
live-imaging confocal microscopy, and presence of the antibody inhibited cell-cell fusion.
2c¢. Characterization of virus-antibody interaction in the post-virus-attachment system

This sub-aim is similar to the sub-aim 2b but instead of examining virus-antibody interaction in cell-
free condition, | investigated if and how MPER antibodies could prevent infection of viral particles that
were already bound. And similar to sub-aim 2b, I found that even after virus attached to cells, the HIV-1
antibodies could still inhibit virus infection by blocking virus fusion in the endosomes.

In summary, | characterized and identified the neutralization mechanism of HIV-1 2F5 and 4E10
antibodies in preventing endocytic entry of virus. | provided supportive evidence showing that HIV-1
MPER antibodies could block virus fusion in the endosomes. This unique intracellular neutralization
mechanism is rare for IgG antibody and has never been reported for 2F5 and 4E10 IgGs. This finding
contributes to our understanding of how bNAbs inhibit HIV-1 infection; replication of this protective

mechanism could benefit HIVV-1 prevention and treatment.
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MATERIALS & METHODS
Viruses and antibodies

VSV G-2F5-Sub and VSV G-4E10-Sub were constructed and purified as described previously (Lorenz
et al., manuscript submitted). VSV AG-Env was constructed with the VSV G replaced by the mammalian-
cells codon-optimized HIV-1 Env (JR-FL) sequence. This Env gene contained the VSV G signal peptide
and cytoplasmic tail to allow better expression and incorporation into the virus. VSV AG-Env was
purified by 10% sucrose cushion for 2 hr at 25,000 rpm and further concentrated by centrifuging at 1.5 hr
at 18,000 rpm (for details see Lorenz et al., manuscript submitted). The final aliquots of the virus stock
was stored in PBS 1X at -80°C.

Mouse monoclonal anti-B-actin antibody was from Sigma-Aldrich. Rabbit polyclonal antibody against
VSV G cytoplasmic tail (~1 mg/mL) was from Sigma-Aldrich. Mouse monoclonal 1gG2a antibody V110
(against the ectodomain of VSV G) (10 mg/mL) was purified from hybridoma provided by Daniel
Pinschewer (University of Geneva, Switzerland). Sheep anti-gp120 (against the C5 region of HIV-1 Env)
was from Aalto Bioreagents. Human monoclonal IgG antibodies 2F5 (11.3 mg/mL) and 4E10 (11.94
mg/mL) were from Polymun. Human IgG VRCO1 antibody (1 mg/mL) and b12 (3.4 mg/mL) was
provided by Denise Wagner and Simon Hoffenberg, respectively. Human 2F5 L100aS-F100bS 1gG (4.6
mg/mL) and humanized 11f10 IgG antibody (7.4 mg/mL) were generously provided by Gilad Ofek and
Peter Kwong (Vaccine Research Center, Bethesda, Maryland). Human 4E10 WAWA IgG antibody (20
mg/mL) was a gift from Michael Zwick and Dennis Burton (The Scripps Research Institute, La Jolla,
CA). Horseradish peroxidase (HRP)-conjugated goat anti-human and goat anti-rabbit were from Jackson
Immuno Research Labs and Santa Cruz, respectively.

Cell culture

293T cells (ATCC# CRL-11268), Vero cells (ATCC# CCL-81) and TZM-bl cells (NIH AIDS
Research and Reference Reagent Program) were cultured in high glucose DMEM supplemented with
sodium pyruvate, penicillin-streptomycin (pen/strep), L-glutamate, 25mM HEPES, 10% fetal bovine

serum (all reagents were from Life Technologies). For live imaging microscopy, a phenol red-free
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medium with the same components was used. Unless indicated otherwise, Vero cells were used for testing
of VSV G-2F5-Sub, VSV G-4E10-Sub and TZM-bl cells were used for testing of VSV AG-Env.
Western blot

293T cells were plated into 6-well plates at 8x10° cells/well. 18 hr later, cells were transfected with
pCl-Neo plasmids coding for the G, G-2F5-Sub, G-4E10-Sub and the Env proteins. For each sample, 1
ng of DNA was transfected using 6 g poly(ethylenimine) agent. 24 hr post transfection, cells were lysed
using CelLytic M Cell Lysis Reagent (Sigma-Aldrich). Cleared lysates were subjected to reducing gel
electrophoresis and blotted with primary antibody (1:10,000 anti-actin, 1:10,000 anti-VSV G-CT, 1:1,000
2F5, 4E10 or 4E10 WAWA, 1:500 2F5 L100aS-F100bS or 11f10) prepared in PBS-0.001% Tween-20
containing 5% dry milk. HRP-conjugated secondary antibodies (at 1:10,000 dilution) were added before
addition of ECL plus Western blot detection reagent for 10 min. Membranes were developed using the
film processor (Konica Minolta SRX-101A).
ELISA

ELISA plates were coated with 1ug/mL VI10 (for VSV G-MPER) or sheep anti-gp120 antibody (for
VSV AG-Env) for 1hr at room temperature (RT) on rocking platform. Plates were washed three times
with PBS 1X containing 0.01% Tween-20 (PBS-T) (similar for all subsequent washing steps) before
addition of purified viruses (2.5-10 ug/mL) for 1 hr at 37°C. Plates were washed and blocked with
blocking buffer (3% dry milk in PBS-T) for 1hr at RT. Primary antibody prepared in blocking buffer was
added for 1 hr at 37°C (unless indicated otherwise) before washes and incubation with blocking buffer
containing HRP-conjugated secondary antibody (Jackson Immuno Research labs) for 30min at RT. One-
Step ultra-TMB substrate was added for 20 min at RT, and the reaction was quenched with 2M sulfuric
acid. The optical density (OD) values were measured at 450 nm by the VERSAmax reader (Molecular
Devices).
Plaque reduction neutralization assay

An average of 300 plaque-forming units (PFU) of virus was incubated with 12.5 pg/mL antibody for 1
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hr at 37°C (default temperature), 4°C or at RT. The mixture was then cooled on ice and added to cells for
1 hr at 4°C. Cells were then washed and a plaque assay was performed.
Plaque assay

Infected cells were incubated in growth medium containing 0.6% Seakem agarose, 1X MEM (pH 7.0)
and 1X pen/strep for 16-22 hr (longer incubation was necessary for VSV AG-Env). Cells were fixed with
7% formaldehyde for 30 min at RT, the agarose plugs were discarded and cells were stained with crystal
violet (1:20 dilution in distilled water) for 30 min at RT. Crystal violet solution was removed, cells were
washed in tap water and plaques were counted.
Virus and antibody labeling

Virus labeling protocol was optimized from a protocol for Dengue virus labeling (Zhang et al., 2010).
For labeling purpose, highly concentrated stocks (at least 1.0x10° PFU/mL) of viruses purified in Tris-
free buffers (see above) and stored in 1X PBS were prepared. 3x10’ PFU of purified virus was added to
0.2 M sodium bicarbonate buffer (SBB). Alexa Fluor 647 succinimidyl ester (Life Technologies,
reconstituted in SBB to a final 3 mM concentration) was slowly added into the mixture to a final
concentration of 37.5 uM while stirring gently. The final volume of the mixture should be 500 pL. The
reaction was protected from light and incubated at RT for 1hr with constant stirring. Labeled virus was
purified using NAP-5 gel filtration column (GE Healthcare) following the manufacturer’s protocol. Virus
was aliquoted, stored at -80°C and protected from light.

2F5 and 4E10 antibodies were labeled with Alexa Fluor 488 dye using Alexa Fluor 488 protein
labeling kit (Life Technologies) and following the manufacturer’s protocol.
Immunostaining confocal microscopy

Vero cells were plated in 8-well Lab-tek Chamber Slide to 100% confluency the next day. Labeled VSV
(MOI 10) was incubated with Vero cells for 1 hr at 4°C. Cells were washed twice in PBS 1X. All
subsequent washes were performed in PBS. Sample was then fixed in 3% paraformaldehyde for 30 min at

RT. Cells were washes three times and blocked in blocking buffer (PBS 1X containing 0.1% saponin and
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10% goat serum) for 1 hr at RT. Mouse V110 antibody (1 pg/mL) was added and sample was incubated at
RT for 1 hr. After three washes, Alexa Fluor 555 goat anti-mouse (Life Technologies) at 1:500 dilution
was added and incubated for 30-60 min at RT, sample was protected from light. Sample was washed three
times and Vectashield Mounting Medium with DAPI (Vector Labs) was applied to stain nuclei and to
mount sample. The sample was protected with the cover slip and sealed with clear nail polish. Images
were acquired using the 1X81 inverted microscope (Olympus). The IPLab 4.0.8 program was used for
analyzing the images. All fluorescence signals were processed similarly.
Live-imaging confocal microscopy

Vero cells and TZM-bl cells were plated onto 35 mm glass bottom, 1.5 glass, poly-L-lysine coated
(Mattek) at 1x10* cells and 2.5x10° cells per dish, respectively using the phenol red-free medium. 16-18
hr later, 50 uL of medium containing labeled virus (2x10G VSV G-2F5-Sub/VSV G-4E10-Sub, 2.5x10°
VSV AG-Env) and 2.5-12.5 ug/mL labeled antibody (virus and antibody were pre-incubated for lhr
37°C) was added to cells and incubated for 1hr on ice. Cells were washed 3X with cold PBS, kept in cold
medium and imaged. To allow internalization, cells were further incubated for another 1hr at 37°C/5%
CO,. For endosomes visualization, cells were also stained with LysoTracker Red DND-99 dye (Life
Technologies) at 75 uM (for Vero cells) or 5 nM (for TZM-bl cells) during the last 30 min to 1 hr (a
longer incubation was necessary for 4°C incubation step). Cells were washed and imaged by Olympus
IX81 inverted microscope using 40X oil lens at 3X magnification. Fluorescence was recorded under three
excitation wavelengths (488 nm, 555 nm, 647 nm). The DIC (differential interference contrast) was also
included to visualize the cell structure. Most images were processed similarly using Olympus FV1000
program and the Microsoft Office Picture Manager 2007 program. In several samples (marked with *)
where fluorescent signals of antibody, virus and endosome dyes differed drastically, the signals were
modified to obtain equal fluorescent intensity. This modification allowed for easier visualization of the
colocalization events and did not affect the result.

For the entry kinetics experiment, TZM-bl cells were pre-incubated with VSV AG-Env for 1 hr at 4°C
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before they were washed and incubated at 37°C/5% CO, for 15, 30 or 60 min. Lysotracker dye (5 nM)
was also added for 15-30 min. For the 15 min sample, lysotracker dye was also added during the 4°C
incubation. Cells were washed three times in cold PBS 1X buffer, stored in cold medium and visualized
by the confocal microscope. For the 0 min sample, cells were incubated with virus at 4°C for 1 hr in
presence of the lysotracker dye. Cells were washed and images were acquired. The colocalization value
between the virus fluorescence (measured at 647 nm excitation wavelength) and the endosome
fluorescence (measured at 555 nm excitation wavelength) was quantified by the Olympus FV1000
program.

Statistical analysis

A two-tailed student’s t-test was used for all statistical analyses. A p value of less than 0.05 indicates a
significant difference between two samples.

Real time quantitative polymerase chain reaction

Virus (1.0x10° PFU) was incubated with 12.5 pg/mL antibody in medium (total volume of 50 pL) for 1
hr at 37°C. The mixture was cooled on ice and 100 pL (containing 1.0x10°%) cells was added and
incubated at 4°C for 1 hr. The solution was centrifuged at 8,000 rpm for 2 min to separate unbound virus
from cell-bound virus. 140 pL of supernatant was used for the RNA extraction following QIAGEN
QlAamp viral RNA kit and RNA was eluted in 100 pL of elution buffer and stored at -80°C. RNA
standards were also prepared from 1.0x10° PFU of virus only.

DNA was prepared from the viral RNA using the Sensiscript RT kit (Qiagen). In this assay, a reaction
containing 2 puL 10X RT buffer: 2 yL 5mM dNTPs: 0.4 puL 20uM VSV P-FP: 0.5 pL reverse
transcriptase: 5.1 uL RNA-free water: 10 puL viral RNA was prepared and incubated at 50°C/45 min
followed by 95°C/2 min step.

Viral DNA was then amplified and quantified using the QuantiTect SYBR Green PCR Kit (Qiagen). 30
pL of buffer mixture (1X PCR master mix : 0.4 uM VSV P-FP : 0.4 uM VSV P-RP) was added to 20 pL

of viral DNA. PCR cycle is as follows: 1 cycle of 95°C/15 min, 40 cycles of 94°C/15 sec and 60°C/1 min.
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A dissociation step was performed at 95°C/1 min, 55°C/30 sec, 95°C/30 sec. Viral copy numbers were
guantified using the corresponding RNA standards and recorded by the Stratagene Mx3005p instrument.
Primer sequences are as follows: VSV P-FP (5>-AGTCGTTCAAAGTGCCAAACACT-3"), VSV P-RP
(5’-CCTTCTCCCGATGCTTCAAA-3’).
Time-dependent plaque reduction neutralization assay

Approximately 200 PFU virus was bound to chilled cells and incubated at 4°C for 1 hr on rocking
platform. Cells were washed with cold PBS 1X buffer and incubated in ice-cold medium at 37°C/5% CO,
for 1 hr to allow virus entry. Room-temperature antibody (12.5 ng/mL of 2F5 or 4E10) was added at 0, 5,
10, 15, 30 or 45 min post warming up. Cells were then washed, overlaid with agarose-containing medium
and plaques were counted the following day.
Plaque reduction neutralization assay with dynasore

A growth medium was prepared using the same recipe but this time FBS was replaced by 2% Nu-
Serum (BD), a synthetic growth medium supplement to avoid inactivation of dynasore by FBS. All
dilutions were prepared in this medium unless indicated otherwise. Vero cells were pretreated with 1.2%
1-butanol at 37°C/5%CO, (the same for the following steps) for 5 min before addition of 80 uM dynasore
and incubation for an addition 20 min. VSV G-2F5-Sub or VSV G-4E10-Sub (500-50,000 PFU) were
added to cells for 1 hr at 37°C in presence of both 1-butanol and dynasore. Cells were then washed with
medium containing 1-butanol and dynasore to remove unbound virus. Antibody (0.5 ug/mL VI10, 2.5
png/mL 2F5 or 12.5 pg/mL 4E10) was added to cells for 1 hr at 37°C also in presence of 1-butanol and
dynasore. Cells were washed with DPBS twice to remove the unbound antibodies and to remove all
inhibitors. A plaque assay using a normal medium was carried out. Plaques were counted at 16-18 hr post
infection.
Cell-cell fusion inhibition assay

293T cells were transfected with DNA plasmid encoding VSV G, VSV G-2F5-Sub or VSV G-4E10-

Sub (in pCI-Neo-AT7 with CMV promoter, Lorenz et al., manuscript submitted) using poly(ethylenimine)
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transfection reagent. 4-6 hr post transfection, cells were washed with DPBS 1X (Life Technologies) and
fresh medium containing antibody (10 pg/mL) was added. Antibody was present into all subsequent
solutions. 24 hr post transfection, medium was replaced with pH 5.2 buffer (1.85 mM NaH2PO4, 8.39
mM NaHPO4, 2.5 mM NaCl, 10 mM HEPES, and 10 mM MES (2-(N-morpholino)-ethanesulfonic acid)
prepared in distilled water and adjusted to a final pH of 5.2) for 1 min at RT. The procedure was repeated
1 hr later. Cells were rested in medium containing 5% FBS and 50 mM HEPES at 37°C/5% CO, for 4-6
hr before images were taken with an inverted microscope (Olympus 1X51) at 10X.

For Env cell-cell fusion inhibition, TZM-bl cells were transfected with DNA plasmid coding for the
Env protein. Lipofectamine (Life Technology) was used for transfection using the ratio of 1 ug DNA :
7uL Lipofectamine for every 1.2 x10° cells. The transfection procedure from the manufacturer was used.
2 hr later, cells were washed and fresh medium containing 100 pg/mL of antibody was added. Cells were
incubated at 37°C/5% CO, for 24 hr before images were taken with an inverted microscope (Olympus
IX51) at 20X.

Electron microscopy

In the NH,CI inhibition assay, Vero cells (grown at 100% density in a 6-well plate) were pre-treated
with 20 mM of NH,CI for 30 min at 37°C. Cells were chilled and VSV virus (MOI 20) was added for 1 hr
at 4°C while being gently rocked. Cells were transferred to a 37°C/5% CO, incubator for 1 hr. For the
fixing step, cells were washed with PBS 1X and 2% glutaraldehyde was incubated for 30 min. After two
washes, cell pellet was collected by centrifugation and it was sent to the Confocal Microscopy Facility at
SUNY Downstate Medical Center-Department of Pathology for processing and image collection.

In this modified immunogold assay, VSV G-2F5-Sub (MOI ~ 167) was incubated with 12.5 pg/mL
2F5 for 1 hr at 37°C. The mixture was then added to cells for 2 hr at 37°C. Cells were then washed three
times with PBS 1X and fixed with PBS 1X containing 3% paraformaldehyde and 1% glutaraldehyde for
30 min at RT. All subsequent washes were performed with PBS 1X. After three washes, cells were

permeabilized with PBS 1X containing 0.1% Triton X-100 at RT for 30min. After another three washes,
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cells were blocked in Aurion Goat Gold Conjugated Blocking Buffer (Electron Microscopy Sciences) for
45 min at RT. Colloidal 15 nm gold-conjugated goat anti-human secondary antibody (Electron
Microscopy Sciences) was incubated overnight at 4°C in PBS 1X containing 0.2% Aurion BSA-C
(Electron Microscopy Sciences) and 15 mM sodium azide at 1:200 dilution. Cells were washed four
times, centrifuged to form a pellet and processed as follows.

The pellets were rinsed in PBS 1X and treated with 1% osmium tetroxide in PBS 1X for 1 hr, followed
by dehydration in a graded series of ethanol. After three10 min changes of 100% ethanol, the pellets were
placed in propylene oxide for two 10 min changes, followed by 1 hr in a 50/50 mixture of propylene
oxide/embed 812 and 100% embed 812 (Electron Microscopy Sciences, Pa) for 1 hr. The pellets were
then transferred to beem capsules in a small amount of pure Embed 812 and placed in a vacuum for 1 hr.
The capsules were then incubated in a 60°C oven overnight. The blocks containing the pellets were then
trimmed and 1-micron sections were cut to select areas of labeled cells. Sections were then cut at 80 nm
from selected blocks on an ultramicrotome (Reichert Ultracut E, Leica AG, Austria), placed on copper
grids, stained with uranylacetate and lead citrate, and images were acquired with a Zeiss EM10 equipped
with an Olympus Morada 11mp digital camera (SIS Olympus, USA).

For the metal-enhanced 3,3'-Diaminobenzidine (DAB) procedure, VSV G-4E10-Sub (MOI 500) was
incubated with Vero cells (grown to 100% confluency in a 6-well plate) for 1 hr at 4°C. Virus was
removed and cells were washed in PBS 1X. The immunostaining steps followed the manufacturer’s
procedure. The primary and secondary antibodies used were 4E10 (1:250 dilution) and HRP-conjugated
anti-human (1:500 dilution). The substrate incubation step was for 30 min. The metal enhanced DAB
Substrate Kit was from Thermo Scientific. Cells were further post-fixed in PBS-2% glutaraldehyde for 15
min. Sample was washed four times in distilled water (10 min incubation for each wash) before the cell

pellet was processed for imaging by the electron microscope as described previously.


http://en.wikipedia.org/wiki/3,3'-Diaminobenzidine
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RESULTS

2a. Characterization of the role of the viral lipid membrane in antibody binding and neutralization
Chimeric virus designs

Three chimeric vectors (VSV G-2F5-Sub, VSV G-4E10-Sub and VSV AG-Env) were characterized in
this study (Fig.26). The first two viruses contain the HIV-1 2F5 or 4E10 epitope inserted into the stem
region of the VSV G protein. The VSV AG-Env vector is a chimera with the VSV G protein replaced by
the HIV-1 Env (JR-FL strain) protein. This Env gene was based on a previous design (Popov, Strack et al.
2011) in which the signal peptide and the cytoplasmic tail were derived from VSV G. This substitution

enhances protein expression and incorporation into the VSV virions.



94

N P M G L
SP ™ CT
VSV G 3 — H H I_E T s
G:;DTGLSKNPIEFVEGWFSSWK
VSV G-2F5-Sub 3 —] H H Hi |5
\
G1;DTGLSKNPIELLELDKWASLWNWF $ SWK
VSV G-4E10-Sub 3 —] H H L s
]
G1,DTGLSKNPIEFVEGWFDITNWLWYIK
Env
SP ™ CT
VSV-AG-Env = 3 —] H H Hi }—s
|
Qs5sEL LELDKWASLWNWFDITNWLWYIK
E VSV G signal peptide (5P) I HIV-1 JR-FL 2F5 epitope
V8V G cytoplasmic tail (CT) I HIV-1 JR-FL 4E10 epitope

Figure 26. Schematic illustrations of the recombinant VSV constructs. VSV is a negative-sense single
stranded RNA virus that carries five genes in 3’-5 order: nucleocapsid (N), phosphoprotein (P), matrix
(M), glycoprotein (G) and large polymerase (L) protein. In VSV G-2F5-Sub and VSV G-4E10-Sub
viruses, the HIV-1 gp4l 2F5 and 4E10 epitope sequences (blue and green, respectively) were inserted
into the membrane-proximal region on the VSV G protein. For the VSV AG-Env, the VSV G protein was
replaced with the HIV-1 Env protein (JR-FL strain) Env’s signal peptide (SP) and the cytoplasmic tail
(CT) were from VSV G. This Env design was adapted from the design reported by Popov et al. (2011).

TM, transmembrane.
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The MPER epitopes in chimeric proteins are recognized by the 2F5 and 4E10 antibodies

First, | examined whether the chimeric proteins were recognized by the MPER bNAbs. In the Western
blot assay, total cell lysates from transfected cells were analyzed for antibody binding. As seen in Fig.27,
all samples excluding the mock sample (un-transfected) were detected by the rabbit polyclonal antibody
that recognizes the VSV G-CT. Because the Env protein also contained the VSV G-CT, this interaction
was expected for this protein. The Env protein with its shorter VSV G-CT (26 aa compared to the original
HIV Env CT with ~150 aa) showed three bands that corresponded to a shorter gp160 protein (~146 kDa),
a shorter gp41 protein (~27 kDa) and a cleaved form of the Env protein that was also reported in Crooks
et al. (Crooks, Tong et al. 2011).

When blotted with the MPER antibodies, the chimeric G-2F5-Sub and G-4E10-Sub proteins were
recognized by their corresponding MPER antibodies while the Env protein contained the entire MPER so
it was recognized by both MPER antibodies.

These results indicate that the MPER epitopes presented in the G-MPER and Env proteins expressed in

transfected cells could be detected by the MPER antibodies.
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Figure 27. Chimeric G-MPER and Env proteins are recognized by the MPER antibodies. 293T cells
were transfected with DNA plasmids coding for the G, G-2F5-Sub, G-4E10-Sub and the Env protein. Cell
lysates were blotted with actin antibody, G cytoplasmic tail (CT) antibody, 2F5 and 4E10. The G CT
antibody detected all proteins (except for the un-transfected mock) as expected since all proteins carry the
VSV G CT. The 2F5 antibody only recognized the G-2F5-Sub protein (lane 3) and the Env protein (lane
5). The 4E10 antibody recognized the G-4E10-Sub protein (lane 4) and the Env protein (lane 5). The G-
MPER proteins are approximately 57kDa. The Env bands correspond to the shorter gpl60 protein

(~145kDa), a truncated Env protein, and a shorter gp41 protein (~27kDa).
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MPER antibodies bind to cell-free chimeric VSV particles

I then examined binding of 2F5 and 4E10 with purified virions. In this ELISA experiment, purified
viral particles were incubated with the MPER antibodies and the virus-antibody interaction was measured
by a spectrophotometer. As seen in Fig.28, VSV G-MPER viruses were recognized by their
corresponding MPER antibodies. The VSV AG-Env virus was recognized by both the 2F5 and 4E10
antibodies. These results indicated that the MPER epitopes on viral surface were recognized by their
bNAbs. VRCO1 is a bNAD that recognizes the gp120 receptor binding site and was included to confirm
that the Env gp120 subunit was properly folded and expressed on VSV AG-Env virions. There was no
binding of the VSV AG-Env virus to V110 antibody (against VSV G) as expected since this virus did not
carry the VSV G protein.

The MPER sequence utilized in this study is derived from a neutralization-resistant HIV-1 strain (JR-
FL). It was demonstrated that this HIV-1 JR-FL MPER epitope was not accessible to MPER bNADbs prior
to virus attachment to cells (Chakrabarti, Walker et al. 2011). Surprisingly, our soluble chimeras could
engage to the MPER antibodies even in the absence of target cells as shown in this ELISA format. This
early exposure could be caused by the different viral vector (VSV) and the differences in designs (the
MPER epitopes are expressed in VSV G, the HIV-1 Env protein contains VSV G SP and CT).
Nevertheless, because of this early interaction, these VSV vectors allowed the tracking of virus-antibody

interaction prior to cell addition.
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Figure 28. The MPER bNAbs bind to their epitopes on the viral particles. Purified viruses were first
bound to the ELISA plates that were pre-coated with V110 antibody (for VSV G-2F5/4E10-Sub) or sheep
anti-gp120 antibody (for VSV AG-Env). Primary antibody was added (at concentrations ranging from 0
to 30 ug/mL) and incubated at 37°C for 1 hr before incubation of the HRP-conjugated secondary antibody
and substrate. VRCO1 is a monoclonal antibody that recognizes the CD4 binding site on the gpl120
subunit of the HIV-1 Env protein. V110 is a monoclonal antibody that recognizes the VSV G ectodomain
and therefore did not bind VSV AG-Env. Displayed are representative data from two to three

experiments.
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Chimeric VSVs are neutralized by the MPER antibodies

Antibody binding does not always result in neutralization, as observed for the non-neutralizing
antibodies and the CDR H3-mutated MPER antibodies that were able to bind to the MPER peptide but
could not neutralize HIV-1 (Zwick, Komori et al. 2004; Ofek, McKee et al. 2010; Scherer, Leaman et al.
2010; Guenaga and Wyatt 2012). Therefore, to test whether 2F5 and 4E10 binding to the VSV chimeras
would lead to effective virus inhibition, | performed a plaque reduction neutralization assay. This assay
also works for the VSV AG-Env virus because even though the attachment and fusion protein was the
Env protein, the replication machinery was from VSV and therefore, VSV’s infection and cytopathic
effect could be quantified by the plaque number.

In this assay, virus was pre-incubated with MPER antibody for 1 hr at 37°C before the mixture was
added to cells. Vero cells were used for VSV G-MPER’s infection while TZM-bl, a HeLa-derived cell
line containing Env’s receptor and coreceptor proteins, was used for VSV AG-Env’s infection. Vero cells
were selected because this is the cell type used in production of human vaccines, and understanding how
virus is neutralized in this cell type would be beneficial in case the VSV vector would be advanced to
clinical trials as an HIV vaccine candidate. TZM-bl cells were specifically chosen because they are
commonly used in pseudotyped HIV-1 neutralization assay, and HIV-1 (JR-FL) was shown to be
productively internalized by endocytosis in this cell type (Miyauchi, Kim et al. 2009).

In Fig.29, the neutralization curves for VSV G-MPER and VSV AG-Env were quite similar, which
suggests that the MPER epitopes are presented by the VSV G proteins in conformations that allows HIV-
1-like binding and neutralization patterns. At the highest antibody concentration (12.5 pg/mL), 2F5
reduced the infectivity of VSV G-2F5-Sub and VSV AG-Env by approximately 100% , and 4E10 lowered

the infectivity of VSV G-4E10-Sub and VSV AG-Env by approximately 90% (Fig.29).
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Figure 29. Chimeric viruses are neutralized by the MPER antibodies. Viruses (average of 200 PFU)
were incubated with antibody (at 0.00016-12.5 pug/mL concentrations) for 1 hr at 37°C. Mixtures were
chilled and added to Vero or TZM-bl cells (for VSV G-MPER and VSV AG-Env, respectively) for 1 hr at
4°C, agarose-containing medium was added and plagues were counted the following day. The x axis

reflects the percentage of viruses that were blocked by antibody. Values are mean + standard error of

mean of two independent experiments.
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2F5 and 4E10 bind and neutralize VSVs in a temperature-dependent manner

Since 2F5 and 4E10 can bind to phospholipids (Haynes, Fleming et al. 2005; Matyas, Beck et al. 2009)
and the interaction with the epitopes involves extraction of the core residues from the membrane by the
antibody’s CDR H3 (Sun, Oh et al. 2008; Kim, Sun et al. 2011), | hypothesized that binding of the 2F5
and 4E10 antibodies to the chimeric VSV vectors would be dependent on temperature. At lower
temperatures, it is likely that the viral lipid bilayer would become more rigid. In addition, the CDR H3 on
antibody molecules would also become less flexible. These two major factors would cause a significant
reduction in MPER antibody interaction.

If we could show that the viral lipid plays a role in neutralization of these chimeric VSV vectors, it
would confirm that these chimeric vectors are able to replicate the native HIV-1 environment that is
necessary for MPER antibody’s activity and therefore, VSV chimeras can be used as efficient HIV-1
surrogate for testing the MPER bNAbs neutralization mechanism.

To test this hypothesis, viruses were analyzed for binding and neutralization properties as in the
previous assays but the virus-antibody incubation step was performed at different temperatures (4°C,
room temperature (RT) and 37°C). In the modified ELISA, | detected a significant drop in binding
kinetics of MPER antibodies to VSV G-MPER viruses at 4°C compared to at higher temperatures. The
difference was most evident at intermediate antibody concentrations (0.04-10 pg/mL). For the VSV AG-
Env chimera, binding kinetics of the 2F5 and 4E10 antibodies at 4°C were almost at background level.

Increasing the antibody concentration to 30 pg/mL did not rescue the binding property (Fig.30).
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Figure 30. Binding of the 2F5 and 4E10 antibodies to

the chimeric viruses is temperature-

dependent. Chimeric viruses (2.5 pg/mL for VSV AG-Env and 5 pg/mL VSV G-2F5-Sub or VSV G-

4E10-Sub) were bound to ELISA plates and incubated with antibody at 4°C (blue), RT (green) or 37°C

(red) for 1 hr. Plates were washed, incubated with HRP-conjugated secondary antibody and ELISA

substrate was added. Binding is presented by optical density (OD) at 450 nm. Displayed are

representative data from two experiments.
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This pattern was not observed in VSV G-MPER binding to VI10, an antibody that recognizes the

globular head of VSV G and most likely does not involve lipid interaction (Fig.31).
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Figure 31. Binding of V110 antibody to the VSV G-MPER vectors. Chimeric viruses (5 ug/mL total

viral proteins) were directly coated to the ELISA plates by incubating at RT for 1 hr. V110 antibody was

added and the plates were incubated at the indicated temperatures (4°C, blue; RT, green; 37°C, red) for 1

hr. Plates were washed, HRP-conjugated secondary antibody was added and binding was measured by a

spectrophotometer. A small and expected reduction in binding Kinetics was observed as the temperature

was lowered, but this was most likely not caused by a weakened lipid and antibody CDR H3 interaction.

OD: optical density.
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I also investigated the binding of VSV AG-Env to b12, a monoclonal bNAD that targets the CD4
binding site on the HIV-1 Env protein. The target site of the b12 antibody is located on the gp120 domain
and HIV-1 neutralization by b12 most likely does not involve lipid interaction. B12 could also bind to
phospholipids like 2F5 and 4E10 bNADbs but at a lesser extent and this interaction could explain the lower
binding kinetics at 4°C (Fig.32). However, the temperature-dependent difference was not as exaggerated

compared to the 2F5 and 4E10 antibodies.
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Figure 32. Binding of the VSV AG-Env virus to b12 antibody. Virus (2.5 pg/mL total viral protein)
was added to the ELISA plate pre-coated with the sheep antibody against the gp120 constant region. B12
monoclonal antibody (which neutralizes HIV-1 by blocking the receptor-binding site) was added and
incubated at different temperatures (4°C, blue; RT, green; 37°C, red) for 1 hr before addition of secondary
antibody. Virus-antibody interaction was measured by a spectrophotometer at 450 nm. There was a
reduction in binding for the 4°C sample, but binding did not drop to background level as in the 2F5 and
4E10 antibodies. At the highest antibody concentration, there was relatively similar level of b12 binding

to the Env protein at different temperatures. OD, optical density.
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If the temperature-dependence property is a result of the interaction between the antibody’s CDR H3
with the viral lipid membrane, one would expect that absence of the lipid membrane would abrogate this
property. To validate this hypothesis, | carried out the ELISA experiment to measure binding between the
MPER antibodies and the soluble MPER peptide. Surprisingly, even when the MPER was not presented
in the lipid membrane, the temperature-dependence effect was also observed (Fig.33). This finding
implies that the CDR H3-phospholipid contact is not the only interaction that is affected by temperature.
Other interactions, possibly between the CDR H3 and the MPER peptide, could be dependent on
temperature as well. In support of this view, it was found that the 2F5 CDR H3 could interact with the C-
terminal end of the soluble MPER peptide. This interaction is thought to induce destabilization and
subsequent antibody binding to the soluble MPER peptide (Guenaga and Wyatt 2012). Since we
observed almost no binding of the 4E10 antibody to the MPER peptide at 4°C, it is possible that the CDR
H3 from the 4E10 antibody might also be able to interact with other residues in the MPER peptide and
that at this low temperature, this interaction is abolished. A future study can identify and characterize

these interactions.
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Figure 33. Soluble MPER peptide also displays temperature-dependent binding. Soluble MPER
peptide (displayed is the peptide’s sequence with the C-terrminal rhodopsin tag (underlined)) was bound
to the ELISA plate using an antibody against the rhodopsin tag. The 2F5 or 4E10 antibody was then
incubated at different temperatures (4°C, blue; RT, green; 37°C, red), the secondary antibody was added

and binding was measured at 450nm. Data is representative of a duplicate experiment.
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The building temperature affects the binding efficiency of MPER antibodies to viruses, but does it also
influence the neutralization property? To investigate this possibility, the plaque-reduction neutralization
assay was carried out with the virus-antibody incubation step performed at different temperatures. The
virus-antibody mixture was cooled on ice before it was applied to pre-chilled cells at 4°C. After 1 hr
incubation at 4°C, virus-antibody mixture was removed, cells were washed and a plaque assay was
performed.

As expected, the temperature of the virus-antibody incubation step also correlated with the
neutralization efficiency. There was an average of four-fold increase in neutralization as the temperature
increased from 4°C to 37°C. In contrast, there was no increase for the V110 and b12 antibodies, possibly
because lipid did not contribute to virus neutralization (Fig.34). Together, these results provide evidence
that the binding and neutralization properties of the 2F5 and 4E10 bNAbs are highly dependent on the

temperature.
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Figure 34. Virus neutralization is dependent on the temperature of the virus-antibody incubation
step. An average of 280 PFU of chimeric virus was incubated with antibody (12.5 pg/mL) for 1 hr at 4°C
(blue), RT (green) or 37°C (red). Mixture was cooled on ice and added to cells for 1 hr at 4°C. Cells were
washed and plaques were counted the next day. The fold increase in neutralization is also displayed.

Values are mean * standard error of mean from two independent experiments.
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In Fig.34, 1 also noticed that the neutralization efficiency of RT samples is between the 4°C and the
37°C values. To examine if this is a real trend that would hold true for other intermediate temperatures, |
performed a detailed analysis of virus neutralization and included more temperatures. Indeed, a
correlation was observed: as temperature increased, neutralization efficiency also increased (Fig.35). The
graphs displayed a linear relationship between temperature and neutralization with a statistically
significant coefficient of determination (R?=0.9242 and 0.9491 for VSV G-2F5-Sub and VSV G-4E10-
Sub, respectively). The 15°C data for VSV G-4E10-Sub was an outlier with high error bar compared to

the rest of the data set and therefore was excluded.
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Figure 35. The linear relationship between the temperature and the neutralization efficiency. VSV
G-MPER (MOI 500) was incubated with the corresponding MPER antibody (2.5 pg/mL) for 1 hr at
temperatures ranging from 4°C to 37°C. The mixture was cooled on ice before it was added to Vero cells
for 1 hr at 37°C. Cells were washed, agarose-containing medium was applied and plagques were counted at
12-16 hr later. A linear trendline was projected with the coefficient of determination (R?) values
presented. The statistical significance increases as the R? value approaches 1.0. The 15°C data point for
VSV G-4E10-Sub was an outlier and was excluded. Values are mean + standard error of mean of three

independent experiments.



112

Binding and neutralization of MPER mutant antibodies

A second method to investigate the contribution of viral membrane in antibody binding is by using the
MPER antibody mutants. These antibody variants have the hydrophobic residues at the CDR H3’s tip
mutated to those with less hydrophobicity. As a result, these antibody variants cannot bind or neutralize
HIV-1 because the antibody-phospholipid interaction has been interrupted (Ofek, McKee et al. 2010;
Scherer, Leaman et al. 2010). However, they can still bind to soluble MPER peptides.

I then tested whether these antibody variants would display the same phenomenon with our chimeric
viruses. In other words, they would recognize the epitopes in soluble proteins but they would not
neutralize VSV chimeras. Three mutant antibodies were tested: 2F5 L100aS-F100bS, 4E10 WAWA and
11f10. 2F5 L100aS-F100bS is a 2F5 double mutant with two hydrophobic residues (L100a and F100b)
converted to serine, a polar residue (Ofek, McKee et al. 2010). 4E10 WAWA is a 4E10 variant also with
double mutation (W to A) (Scherer, Leaman et al. 2010). 11f10 is a monoclonal antibody generated in
mice that were immunized with soluble protein scaffolds containing the 2F5 epitope (Ofek, Guenaga et al.
2010). Despite remarkable similarities in crystal structures between the 11f10 and the 2F5 antibody,
11f10 CDR H3 is significantly shorter and therefore 1110 can’t prevent HIV-1 infection.

These three antibodies were first evaluated for binding to soluble proteins. In this assay, 293T cells
were transfected with the DNA plasmids coding for the chimeric VSV G-MPER proteins or the Env
protein and total cell lysates at 24 hr post transfection were analyzed in a Western blot. As seen in Fig.36,

4E10 WAWA recognized the 4E10 epitope in both the G-4E10-Sub and Env proteins.
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Figure 36. Binding of the MPER antibody mutants to total proteins in cell lysates. 293T cells were
transfected with the DNA plasmids coding for the G, G-2F5/4E10-Sub and Env proteins. At 24 hr post
transfection, cells were lysed and clarified cell lysates were analyzed by the Western blot. Primary
antibody was incubated for 1 hr at RT. HRP-conjugated anti-human secondary antibody was added before
addition of the HRP substrate. Mock sample is untransfected cells. 4E10 WAWA recognizes both 4E10
chimeras while only G-2F5-Sub was recognized by the 11f10 antibody. No protein was recognized by the

2F5 L100aS-F100bS antibody.
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The 11f10 antibody only recognized the 2F5 epitope in the G-2F5-Sub protein but not in the Env
protein; and the 2F5 L100aS-F100bS antibody did not recognize any proteins. This lack of binding could
be due to the low detection sensitivity (previous studies used the sensitive surface plasmon resonance
assay to show binding of antibody mutants to soluble MPER peptide) or the different amino acids
flanking the epitope. This latter possibility was confirmed when | evaluated binding of the 2F5 L100aS-
F100bS and 11f10 antibodies to the panel of chimeric G-2F5 glycoproteins generated in aim 1. While
these G proteins contained the same minimal epitope sequence (ELDKWAS), the binding pattern differed
dramatically between constructs (Fig.37). Two proteins (G444-2F5-Ins and G444-2F5 containing the
slightly longer 2F5 epitope placed at the N-terminal) were recognized by both antibody variants.
Interestingly, these constructs displayed the least antigenic characteristics in the aim 1 study.

These intriguing findings require additional study in the future to fully examine and understand the
molecular biology behind the 2F5 CDR H3 interaction with the MPER peptide. The G-2F5 proteins panel

provides a very useful tool for this kind of study.
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Figure 37. Binding of the 2F5 antibody mutants to the G-2F5 glycoproteins. 293T cells were transfect
with DNA plasmids coding for glycoproteins containing the 2F5 epitope inserts (blue). At 24 hr post
transfection, cells were lysed and blotted with 2F5 (1:2,000), 2F5 L100aS-F100bS (1:500) or 11f10
(1:500) for 1 hr at RT. HRP-conjugated anti-human antibody was added for 30 min at RT. Substrate was
added and membrane was developed by a film processor. The G444-2F5-Ins and G444-2F5 proteins are
recognized by both antibody mutants. In addition, 11f10 also recognized the G451-2F5-Sub protein. Time

of exposure varied between antibodies.
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Because only the 4E10 WAWA antibody displayed binding to both the G-4E10-Sub and Env proteins,
it was further analyzed for virus binding and neutralization. The ELISA and plaque-reduction
neutralization assays demonstrated a significant reduction in both of these properties by the 4E10 WAWA
as compared to the wild type 4E10 antibody (Fig.38). This is most likely because of the crippled

interaction between the viral lipid membrane and the CDR H3 mutant.
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Figure 38. Binding and neutralization properties of 4E10 antibody mutant. (A) 4E10 WAWA

weakly binds VSV vectors. In this ELISA, purified VSV (green), VSV G-4E10-Sub or VSV AG-Env
was bound to the plate by using a virus-specific antibody (V110 for VSV or VSV G-4E10-Sub, sheep
anti-gp120 for VSV AG-Env). After addition of primary antibody (4E10, blue; 4E10 WAWA, red; VI10,
black), the plate was incubated at 37°C for 1 hr. HRP-tagged secondary antibody was added, HRP
substrate was applied and the light absorbance was measured at 450 nm. OD denotes optical density. (B)
4E10 WAWA cannot neutralize virus. Average of 280 PFU of VSV G-4E10-Sub or VSV AG-Env was
incubated with 4E10 (blue) or 4E10 WAWA (red) (12.5 pg/mL) for 1 hr at 37°C. Mixture was cooled and
added to cells for 1 hr at 4°C. Cells were washed and agarose-containing medium was applied. Plaques

were counted the next day. Values are mean + standard error of mean of two experiments.



118

Overall, the results in this sub-aim 2a demonstrate a new property of the HIV-1 2F5 and 4E10 bNAbs
(temperature-dependent binding and neutralization) and confirm that the VSV vectors can display MPER
epitopes in HIV-like conformations and thus, these vectors could effectively replace HIV-1 in this
neutralization study.
2b. Characterization of antibody neutralization mechanism in a pre-virus-attachment system
Optimization of the live-imaging protocol

The ELISA data showed that the MPER bNADs could recognize and bind to soluble virus (Fig.28). To
test whether this interaction could prevent subsequent virus attachment to target cells, | tracked the
movement of virus-antibody complexes in live cells by confocal microscopy. By using labeled virus and
labeled antibody, one could detect the interaction of virus and antibody in live cells without the typical
fixation and staining steps that might abolish weak interactions or provide false positive results in fixed
samples. Most importantly, this approach could offer direct visualization and determination of which step
in the viral entry pathway that is interrupted by antibody binding.

For this live-imaging approach, purified viral particles were first labeled with the Alexa Fluor 647 dye
using a modified protocol from the Zhang et al. report (2010). Several published VSV-labeling protocols
were tested; however, only this protocol worked for our chimeric VSVs. Alexa Fluor is a bright and stable
fluorophore that binds to primary amines (found on lysine amino acids) on viral surface proteins to form
covalent amide bonds. This dye is also insensitive to pH 4-10, which is essential for our study since it
ensures the fluorophore’s stability in the endosomes.

I examined different dye concentrations in the 37.5-600 pM range to determine the optimal
concentration for virus labeling without affecting the viral infectivity, which could result from over-
labeling. To examine for this effect, viral infectivity was measured in a plaque assay for VSV (the
unmodified parental virus) labeled with different concentrations of fluorescent dye. As seen in Fig.39,
viral infectivity decreased as the dye concentration increased. This correlation suggests that the high
concentration of dye molecules interferes with virus infection, possibly by blockage of the virus-cell

interaction.
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Figure 39. High concentration of the fluorescent dye decreases viral infectivity. 3x10" PFU of VSV
was incubated with the Alexa Fluor 647 dye (at final concentration ranging from 37.5 to 600 uM) for 1 hr
at RT with occasional stirring. These labeled viruses were then titered for infectivity by plaque assay.

Values reflect the total infectivity (PFU) of the virus versus the dye concentration.
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It was shown that the fluorophore’s concentration affected viral infectivity, but does it also affect the
labeling efficiency? To examine this relationship, | performed an immunostaining assay. Labeled virus
was bound to Vero cells for 1 hr before cells were fixed and permeabilized. Virus was then stained with
mouse V110 antibody, followed by a fluorescent-labeled anti-mouse antibody. The V110 antibody can
detect the glycoproteins on all viruses while the fluorescent dye only detects labeled viruses. The level of
colocalization of the two signals will indicate the labeling efficiency: a good labeling reaction will have
more colocalization events while an ineffective reaction will have more VI10’s signal and less
colocalization events. Using those criteria, | compared the colocalization efficiency of the samples tested
above. As seen in Fig.40, the efficiency of virus labeling differed between samples. The virus sample
labeled with 150 uM of fluorescent dye was least effective: most viral particles were not labeled. The
virus sample labeled with 37.5 uM of fluorescent dye was most effective since all virus particles were

labeled (Fig.40).
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Figure 40. Labeling efficiency of VSV at different fluorescent dye concentrations. Vero cells plated

to full confluency were incubated with Alexa Fluor 647 labeled VSV (MOI 10) for 1 hr at 4°C. Cells
were washed, fixed, permeabilized and blocked. Mouse V110 antibody (1 pg/mL) was added for 1 hr at
RT. This antibody recognizes the viral glycoproteins and therefore it can detect all viral particles. Alexa
Fluor 555 anti-mouse antibody was added for up to 1 hr at RT. Cells were washed and also stained with
DAPI to stain the nuclei. Fluorescence at 555 and 647 nm excitation wavelengths was recorded using an
inverted confocal microscope. The merge images show colocalization of labeled viral particles (green,
measured at 647 nm excitation wavelength) and all viral particles (red, measured at 555 nm excitation
wavelength). The more yellow (resulted from colocalization of red and green) observed, the more viral

particles are labeled. The 37.5 pM concentration is the most efficient in labeling VSV. Scale bar: 10 pm.
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From the infectivity and confocal data, I selected 37.5 uM as the concentration for subsequent virus
labeling since this concentration was the most effective in labeling the most viral particles with the least
disruption in viral infectivity. It is likely that at this low concentration, there are sufficient dye molecules
to bind to viral glycoproteins to allow effective labeling, and the low occupancy minimally disrupts the
viral infectivity. At higher concentrations, a denser coat of dye molecules on viral particles and/or the
engagement of dye molecules to the protein regions important for virus-cell interaction would result in a
reduction of viral infectivity. Using this established virus labeling procedure using the lowest dye
concentration, | then labeled VSV G-2F5-Sub, VSV G-4E10-Sub and VSV AG-Env. | also observed

minimal reduction in infectivity of labeled viruses (Fig.41).
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Figure 41. Labeling minimally reduces viral infectivity. Comparison of total infectivity of viruses
(VSV, blue; VSV G-4E10-Sub, red; VSV G-2F5-Sub, green; VSV AG-Env, purple) before and after

labeling with 37.5 uM of the fluorescent dye. Viral infectivity (PFU) was measured by a plague assay.
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Next, | labeled the MPER antibodies using another fluorescent dye (Alexa Fluor 488) by following the
manufacturer’s procedure. To confirm that presence of surface-bound dye molecules did not significantly
affect the neutralization efficiency, virus neutralization by labeled antibody was determined by a plaque-
reduction neutralization assay. As seen in Fig.42, antibody labeling does not affect the virus neutralization

efficiency.
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Figure 42. Labeling of antibody does not affect its neutralization efficiency. Virus (~280 PFU) was
incubated with 12.5 ug/mL of MPER antibody (unlabeled, blue; labeled, green) for 1 hr at 37°C. The
mixture was cooled on ice before addition to cells for 1 hr at 4°C. Cells were washed and agarose-
containing medium was added. Plaques were counted the next day. Values are mean * standard error of

mean from two independent experiments.
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Binding of the MPER antibodies to virus does not prevent virus attachment to cells

After optimizing for the labeling condition and confirming that the labeling technique could be used
without disrupting the virus’s infectivity or the antibody’s neutralization efficiency, | then examined if
antibodies could block virus attachment to cells. For this purpose, labeled viral particles were incubated
with the corresponding labeled MPER antibody (at 2.5 or 12.5 pg/mL) for 1 hr at 37°C to allow for virus-
antibody complex formation. The mixture was then cooled on ice and added to chilled cells for 1 hr on
ice. Unbound virus and antibody were removed in the washing step and live cells were stored in cold
medium and analyzed by the confocal microscope (Fig.43). These antibody concentrations were chosen
because there is good virus neutralization at these concentrations (Fig.29). Also, there is an excess of
antibody molecules (every 5x10° and 1x10" antibody molecules for every plaque-forming unit of VSV G-

MPER and VSV AG-Env, respectively) available for virus binding.
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Figure 43. Diagram of the confocal microscopy experiment to detect binding of the virus-antibody
complexes to cells. Labeled virus was pre-incubated with labeled-antibody for 1 hr at 37°C before the
mixture was cooled on ice and added to cells for 1 hr on ice. Cells were washed to remove any unbound
virus or antibody. Live cells were stored in cold medium and visualized by the confocal microscope. The

virus-antibody complex is detected by the colocalization of virus’s and antibody’s fluorescence.
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The virus-antibody complexes were identified by the colocalization of the virus’s fluorescence (green)
and the antibody’s fluorescence (red) and were found on the cell surface at 4°C (arrow heads in Fig.44).
These results show that despite prior engagement between viral particles and antibody molecules as
demonstrated in the ELISA (Fig.28), antibody-bound viral particles could still attach to cells. This finding

implies that MPER antibody’s interaction does not prevent virus binding to cells.
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Figure 44. Antibody binding does not prevent virus attachment to cells. Labeled virus (VSV G-
MPER at MOI 100, VSV AG-Env at MOI 50) was incubated with the corresponding labeled MPER
antibody (2.5 pg/mL for VSV G-MPER and 12.5 pg/mL for VSV AG-Env) for 1 hr at 37°C. Mixture was
chilled and added to cells for 1 hr on ice. Cells were washed, stored in 4°C medium and imaged by the
confocal microscope at a final magnification of 120X. Red, antibody’s fluorescence; green, virus’s
fluorescence. Arrow heads indicate virus-antibody complexes (yellow). Images are representative of at
least five different fields for each sample. * indicates images with equalized fluorescent intensities to
allow easier visualization of colocalization. This modification does not affect the results since the same

results were reported in unmodified images. DIC denotes differential interference contrast. Scale bar: 5

um.
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The virus-antibody interaction was epitope-specific because the MPER antibodies did not bind non-
specifically to Vero cells or TZM-bl cells at the same concentrations (2.5 or 12.5 pg/mL) (Fig.45A).
Similarly, VSV G-MPER virus does not bind to non-specific MPER antibody. There was no antibody
signal in samples prepared with mismatched virus-antibody pairs (Fig.45B). These data indicate that the
MPER antibodies cannot non-specifically interact with the cellular or viral membrane at concentrations
tested and therefore, the detected antibody’s signal in our assay is a result of specific interaction of

antibody molecules with viral particles.
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Figure 45. MPER antibodies cannot bind non-specifically to cellular or viral membranes. (A)
MPER antibodies cannot bind to Vero or TZM-bl cells. Labeled 2F5 and 4E10 antibody was added to
Vero cells or TZM-bl cells (at 2.5 pg/mL and 12.5 pg/mL, respectively) for 1 hr at 37°C. Cells were
washed and images were taken by a confocal microscope using the 40X oil lens. (B) MPER antibodies
do not bind to non-specific VSV G-MPER vectors. VSV G-2F5-Sub or VSV G-4E10-Sub (MOI 100)
was pre-incubated with the non-specific HIV-1 MPER antibody (2.5 pg/mL) for 1 hr at 37°C before the
mixture was chilled on ice and added to Vero cells for 1 hr on ice. Cells were washed and incubated at
37°C/5% CO, for 1 hr. Unbound virus and antibody were removed and images of live cells were taken by
a confocal microscope. Displayed are representative images from at least five different fields per sample.

DIC denotes differential interference contrast. Scale bar: 30 um.
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Virus-antibody complexes were found on the cell surface, but were there other complexes that were
blocked from cell attachment? In the following assay, | attempted to quantify the amount of virus
remained in the solution after cell attachment to address this question. In this RT-PCR (reverse
transcription polymerase chain reaction), virus was first incubated with 12.5 pg/mL of antibody for 1 hr at
37°C before the chilled mixture was added to cells for 1 hr at 4°C. Cells were pelleted and supernatants
were collected for RNA extraction. Viral DNA was synthesized by the reversed transcription of viral
RNA using virus-specific primer. Viral DNA was then amplified using virus-specific primers and
guantified by a quantitative PCR.

By comparing viral RNA in the supernatants (which reflects the unbound virus) with and without
antibody, a similar level of viral RNA would indicate that antibody does not block any virus attachment. |
observed less than two-fold difference in viral RNA concentration when the MPER antibodies were
present (Fig.46). However, none of the data sets were statistically significant, even for the positive control
sample (VSV AG-Env with non-specific cells). One would expect that when using non-specific cell for
VSV AG-Env virus (Vero cell that did not carry receptor or coreceptor proteins for Env protein), most
viral particles would remain in solution and as a result, there should be a significant increase in viral RNA
compared to the sample with the TZM-bl cell. However, only a two-fold increase was reported, and this
enhancement was not statistically significant. Maybe the amount of virus input was too large and the
difference was too small to be detected. | also measured the virus amount that bind to cells instead of the
amount that remains in the solution, but the data were inconclusive. Even though this assay was
promising since it could quantify viral RNA, more optimization was necessary. After considering the high

cost of this experiment, | decided not to pursue this method any further.
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Figure 46. Quantification of unbound virus by RT-PCR. Virus (1.0x10° PFU) was incubated with no

antibody (blue) or 12.5 pg/mL antibody (2F5, red; 4E10, green; VI10, purple) for 1 hr at 37°C. Cells
(1.0x10°) were added and the mixture was incubated at 4°C for 1hr. Non-specific cell (black) for the VSV
AG-Env is Vero cell, which does not carry the receptor and coreceptors for Env protein and therefore,
virus cannot attach. The solution was centrifuged and supernatant (containing unbound virus) was
collected for viral RNA extraction and quantification. The x axis represents the amount of unbound virus
(measured by viral RNA) remained in the supernatant after the cell binding step. Values are mean +
standard error of mean of two independent experiments with duplicated quantitative PCR experiments.

No statistical significant enhancement was observed.
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Virus-antibody complexes can be transported to the endosomes

Since HIV-1 MPER antibodies do not prevent attachment of virus to cells, this suggests that MPER
antibodies could prevent virus infection at a later step. Since | initially proposed that MPER bNADbs could
block virus fusion in the endosomes, 1 first needed to confirm that virus-antibody complexes could locate
to the endosomes. A similar live imaging experiment was carried out as previously but after the virus
attachment, cells were incubated at 1 hr 37°C to allow for possible virus-antibody entry (Fig.47). | also
utilized Lysotracker, a cell-permeable dye that can stain acidic compartments in live cells, to detect

endosomes.
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Figure 47. Schematic of the confocal microscopy experiment to detect virus-antibody complexes in
the endosomes. Labeled virus (MOI 50-100) was incubated with labeled antibody (2F5 or 4E10 at 2.5-
12.5 ng/mL) for 1 hr at 37°C. The mixture was chilled on ice and added to cells for 1 hr on ice. Cells were
washed once with cold PBS 1X to remove any unbound virus and antibody. Cells were then incubated at
37°C/5% CO, for 1 hr in the presence of the Lysotracker dye during the last 30 min. Cells were washed
three times with cold PBS 1X solution, stored in cold medium and visualized by the confocal microscope.
Red fluorescence indicates antibody molecules, green fluorescence indicates viral particles, cyan
fluorescence indicates endosomes. If virus-antibody complexes are transported to the endosomes, they

could be detected by the co-localization of all three fluorescence signals.
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The one-hour incubation at 37°C was selected because one hour should be sufficient to allow for virus
entry and internalization into the endosomes. Johannsdottir et al. (2009) measured VSV entry kinetics and
showed that VSV particles were rapidly internalized within 6 to 7 min and acid activation in the
endosomes occurred 1 to 2 min after that. For the VSV AG-Env chimera, | decided to measure its entry
kinetics since the Env glycoprotein is now the attachment and fusion protein and its entry kinetics will
differ from the VSV. After a virus binding step at 4°C, cells were incubated at 37°C/5% CO, for different
time periods. Fluorescence images were taken and the virus-endosome colocalization values were
measured by the FV10-ASW 1.7 Viewer program. As seen in Fig.48, no virus colocalized with the
endosomes at the beginning of the incubation; this was as expected since virus was still at the cell surface.
As the temperature was raised, more viral particles were internalized and transported to the endosomes.
The virus endocytosis peaked at 30 min post warming up, followed by a small decline in colocalization
value at 60 min, though this was not statistically significant. All the values at 15, 30 and 60 min were

statistically significant (student’s t-test) compared to the 0 min value.
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Figure 48. Entry kinetics of VSV AG-Env. TZM-bl cells were incubated with VSV AG-Env (MOI 50)
for 1 hr at 4°C. Cells were washed and further incubated at 37°C/5% CO, for 0, 15, 30 and 60 min to
allow virus entry. Lysotracker dye was added to detect endosome. Cells were washed three times and
images were acquired by the confocal microscope. Colocalization value of virus and endosome
fluorescence was measured by the Olympus FV10-ASW 1.7 Viewer program. Values are calculated from

at least ten different images for each time point. P values are also presented.
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This entry kinetics assay showed that the 1-hr incubation time is sufficient for virus to transport to the
endosome. | then carried out the confocal microscopy assay as described in Fig.47. By using this
technique, many virus-antibody complexes were found inside the endosomes. The arrow heads in the
images indicate locations where three fluorescence signals from virus, antibody and endosome overlap

(Fig.49).
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Figure 49. Virus-antibody complexes can be found inside the endosomes. Virus (MOI 50 and 100 for
VSV G-MPER and VSV AG-Env, respectively) was incubated with 2.5 or 12.5 pg/mL antibody (higher
concentration for VSV AG-Env) for 1 hr at 37°C. The mixture was applied to cells for 1 hr on ice. Cells
were washed and incubated at 37°C/5% CO, for 1 hr in presence of Lysotracker Red during the last 30
min. Cells were washed, stored in ice-cold medium and images were recorded using a 40X oil lens.
Arrow heads indicate virus-antibody complexes inside the endosomes. Images are representative of two
independent experiments. * indicates images with fluorescent signals equalized to allow easier
colocalization detection. This modification does not affect the results since the same results were obtained

for unmodified images. Scale bar: 5 um.
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In order to quantify the percentage of virus-antibody complexes that were endocytosed, | counted the
number of virus dots that overlapped with both antibody and endosome signals. Fluorescence of labeled
virus appeared as distinct dots in most cases and therefore, the following quantification was based on the
assumption that individual fluorescence dots (at 647 nm excitation) corresponded to individual viral
particles. At 60 min post warming up, 23.7% of VSV AG-Env was found inside the endosomes. In the
presence of 12.5 ug/mL of 2F5 or 4E10 antibody, 53.2% and 43.8% of virus-antibody complexes were
located inside the endosomes, respectively (Table 4). While these values provide some insights into how
many immune complexes can be internalized, they are calculated from images taken from horizontal
sections of the cell and therefore do not reflect the entire cell. Because the endosome dye rapidly lost its
signal upon excitation by the laser, | could not analyze the whole cell. This limitation restricts us from

drawing any conclusions from these values.
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47
130

13
44

53.2+13.5%
43.8+8.2%

Table 4. Quantification of virus-antibody complexes present in the endosomes in the pre-virus-

attachment model. The number of viral particles reflects the number of individual virus’s fluorescence

dots. The number of virus-antibody complexes reflects the number of virus’s fluorescence dots that

colocalized with the antibody’s fluorescence dots. The number of endocytosed virus-antibody complexes

is the number of fluorescence dots which showed overlapping of three fluorescence signals (from virus,

antibody, and endosome). Values are mean + standard error of mean of eleven to twenty different images.
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This assay provided the first direct evidence that viral particles coated by antibody could still be
internalized into the endosomes. Presence of these intracellular complexes strongly suggested that MPER
antibodies did not prevent virus internalization but possibly inhibited the fusion step inside the endosome.
Inhibition of low pH-activated fusion by the HIV-1 MPER bNAbs

While the presence of virus-antibody complexes inside the endosomes was a good indicator, it did not
directly imply that these antibodies were actively blocking virus fusion in the endosomes. It could be that
these immune complexes were non-selectively endocytosed by the cell. Or it could be that these antibody
molecules were non-functional and that they could not block virus fusion. Maybe these images just
happened to record virus and antibody co-existing inside the endosomes before virus fused with the
endosomal membrane.

A good way to examine whether antibody could inhibit virus fusion was to track the pathway of virus-
antibody complex. If antibody prevented virus fusion, the virus-antibody complex would be trapped
inside the endosome. If antibody did not prevent virus fusion, the virus’s fluorescence would disappear
over time, leaving only the antibody’s signal inside the endosome. This method was originally proposed
in my thesis proposal. However, the Lysotracker dye is very unstable and the fluorescence signal faded to
undetectable level after a single excitation by the laser and therefore, repeated imaging of the same cell
was not feasible. Visualization of the endosome by other genetically-tagged molecules (i.e., clathrin light-
chain, Rab-5) did not give good results. Therefore, | could not perform the time-kinetic assay in live-
imaging to confirm that the MPER antibodies could functionally inhibit virus fusion in the endosomes.

Nevertheless, | used a different system to study fusion inhibition by antibody. In this system, G-
2F5/4E10-Sub protein expressed on the surface of transfected cells could be induced to fuse and form
multinucleated cells upon addition of low pH buffer (to simulate the endosome’s acidity). | then examined
whether presence of antibody could prevent glycoprotein fusion activity. In this assay, 293T cells
expressing the G-2F5/4E10-Sub protein were incubated with high concentration (10 pg/mL) of the
corresponding MPER antibody before cells were treated with low pH (5.2) buffer to induce fusion

(Fig.50).
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Figure 50. Schematic of cell-cell fusion inhibition assay. 293T cells are transfected with DNA plasmids
coding for the G-2F5-Sub or G-4E10-Sub. At 24 hr post transfection, the surface glycoproteins will be
induced to fuse by addition of low pH (5.2) buffer and multinucleated cells will form as a result. In a
modified cell-cell fusion assay, MPER antibody is present during the entire process. If no syncitia are

formed in the presence of antibody, it suggests that MPER antibody is able to block glycoprotein’s fusion.
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As seen in Fig.51, presence of antibody could efficiently prevent fusion event mediated by VSV
glycoprotein. Addition of non-specific antibody (4E10 for G-2F5-Sub and vice versa) did not have any

inhibitory effect. These data suggest that MPER antibodies could bind to their epitopes and prevent fusion

function of G-2F5/4E10-Sub protein.
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Figure 51. The MPER antibodies can inhibit acid-activated fusion of G-MPER proteins. 293T cells
were transfected with DNA plasmids coding for G, G-2F5/4E10-Sub. Mock is untransfected cells. 4-6 hr
post transfection, cells were washed and incubated with medium containing 10 pg/mL 2F5 or 4E10 at
37°C/5% CO,. 24 hr post transfection, pH 5.2 buffer (with antibody) was added to cells for 1 min to
induce fusion. Cells were rested for 1 hr before the procedure was repeated. 4-6 hr later, images were
taken with an inverted microscope. ‘X’ indicates absence of cell-cell fusion. Displayed are representative

images from three independent experiments. Magnification: 10X.
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This assay showed that MPER antibodies could block cell-cell fusion function G-MPER. But could
MPER antibodies also prevent Env’s fusion activity? To test for this property, a similar fusion inhibition
experiment was carried out. In this assay, TZM-bl cells were first transfected with Env DNA plasmid.
After 2 hr, cells were washed and fresh medium containing 100 pg/mL of 2F5 or 4E10 was added. Unlike
G-MPER protein, Env-transfected TZM-bl cells were able to form syncitia in the absence of low pH and
thus, no external acidity was required. At 24 hr post transfection, cell images were recorded.

No cell-cell fusion inhibition was observed for 2F5 and 4E10 antibodies even when the antibody
concentration was ten times higher than in the previous assay (Fig.52). This observation is not very
unexpected since it supports the idea that the cell-cell fusion mediated by the Env protein might have a
different mechanism than virus fusion in the endosomes, as discussed in the Introduction section (page 2).
It is possible that there are additional factors residing in the endosomes (e.g., higher concentration of
coreceptor molecules) that are important for virus fusion but were not replicated in the cell-cell fusion
format. Until more is understood, the HIV-1 endosomal fusion could not be addressed by using this cell-
cell fusion assay. The cell-cell fusion mediated by VSV glycoprotein, however, demonstrated the fusion

inhibition by the MPER antibodies.
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Figure 52. Cell-cell fusion inhibition assay with the Env protein. TZM-bl cells were transfected with
the Env DNA plasmid. Mock sample was untransfected cells. At 2 hr post transfection, cells were washed
and fresh medium containing 100 pg/mL of 2F5 or 4E10 antibody was added. At 24 hr post transfection,
images were taken using a light microscope. Syncitia were observed for the samples with and without
antibodies, which suggests that these antibodies could not block cell-cell fusion. ‘X’ indicates absence of

cell-cell fusion. Displayed are representative images of a triplicate experiment. Magnification: 20X.
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Overall, the confocal microscopy showed that the virus-antibody complexes could colocalize with the
endosomes. In addition, the MPER antibodies prevented fusion by G-MPER proteins in the cell-cell
fusion assay. These two important pieces of evidence strongly imply that the HIV-1 MPER antibodies
could block virus entry by preventing virus fusion in the endosomes.

Immunostaining of virus-antibody complexes by electron microscopy

Another method that | originally proposed to visualize virus-antibody interaction was electron
microscopy. Electron microscopy is a powerful tool that can provide detailed images of cell structures and
components that would be helpful for virus entry study. Using this technique, | was able to visualize
different steps in the VSV entry pathway. In this experiment, Vero cells were pre-treated with NH,CI to
inhibit acidification of the endosomes so that unfused viral particles could be detected more easily in the
endosomes. VSV was bound to cells for 1 hr at 4°C before the temperature was raised to 37°C to allow
virus entry. Cells were washed, processed and imaged.

As seen in Fig.53, VSV particles were found at different steps in endocytosis: on the cell surface (A),
internalized inside clathrin-coated vesicles (B), and inside the endosomes (C, D). These viral particles
were identified by several distinct properties: they have the distinctive bullet shape; the cross-section of
the particle appeared as a sphere with a coated surface and a dense core. The dimension-measurement tool

also provided a way to confirm the identity of the viral particle.
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Figure 53. Visualization of virus endocytosis. Vero cells pre-treated with NH,CI (20 mM for 30 min)
were incubated with VSV (MOI 20) for 1 hr at 4°C, followed by another 1 hr at 37°C/5% CO,. Cells were
washed, fixed and cell pellet was processed for imaging by electron microscopy. VSV particles were
visualized at various steps along the endocytic pathway: (A) attachment to the cell surface, (B)
internalization inside the coated vesicles, (C-D) virus trapped inside the endosomes. Arrow heads indicate
location of the viral particles. The image in B was taken from a separate experiment without NH,CI. Scale

bar: 200 nm.



154

After validating that | could visualize VSV particles by electron microscopy, | then examined virus
neutralization by the MPER antibodies. While virus was easily identified by its distinctive morphology,
the antibody molecule was much smaller and thus, it had to be detected by a labeled secondary antibody.
These gold nanoparticles label would appear as distinct dark and symmetrical spheres.

| first attempted to use the gold-labeled electron microscopy for my neutralization study. In this assay,
VSV G-2F5-Sub virus was incubated with 2F5 antibody for 1 hr at 37°C before the mixture was applied
to Vero cells for 2 hr at 37°C. Cells were then washed, fixed and permeabilized. A gold-conjugated anti-
human secondary antibody was incubated at 4°C overnight. The cell pellet was processed for electron
microscopy imaging.

As seen in Fig.54, several virus-antibody complexes were detected by the presence of gold
nanoparticles attached to viral particles. Very few virus-antibody complexes were visualized and none
was found in the endosome, which was contrary to the live imaging data. However, the absence of
internalized immune complexes could stem from the intrinsic limitation of the immunogold assay: the
dense cytoplasm would greatly restrict movement of the gold nanoparticles, making it difficult to access
the intracellular virus-antibody complexes. Also, the cell pellet was sliced into thin sections and the
analyzed sections only reflected a small fraction of the entire cell pellet. Because of these constraints, |
did not further pursue this method.

Nonetheless, these data were still useful since they confirmed that the virus-antibody complexes were
formed between single viral particle and antibody molecule. Furthermore, it was previously demonstrated
that antibody binding fragments of MPER antibodies (containing a single antigen-binding site) could also
neutralize HIV-1 viruses (Ofek, Tang et al. 2004; Alam, Morelli et al. 2009). In addition, there was an
excess of antibody molecule for every plaque-forming unit of virus in our assays. Collectively, these
observations support the idea that virus-crosslinking most likely did not contribute significantly to

antibody’s neutralization mechanism in our system.
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Figure 54. Immunogold staining of virus-antibody complexes. VSV G-2F5-Sub (MOl ~ 167) was

mixed with 12.5 ug/mL of 2F5 for 1 hr at 37°C. The mixture was then applied to Vero cells for another 2
hr at 37°C. Cells were then washed, fixed and permeabilized. Anti-human secondary antibody
(conjugated to 15 nm gold particles) was incubated overnight at 4°C. After four washes in PBS 1X, cells
were pelleted and processed for imaging. No virus-antibody complexes were detected inside the cells. The
data also suggested that antibody did not crosslink virus. The arrow heads indicate virus-antibody

complexes on the cell surface. Scale bar: 200 nm.
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Since the immunogold assay could not detect endocytosed immune complexes, | tried a different
staining technique using the metal-enhanced 3,3'-diaminobenzidine (DAB). In this assay, the secondary
antibody was conjugated to HRP, which formed dark precipitation when the DAB substrate was added.
This approach is promising since the substrate is a small molecule that can easily permeate cells and
readily forms precipitates at the reaction sites. In addition, a color change can be detected more easily
than the gold particle label.

| first carried out a pilot experiment to confirm that this assay could detect viral particles. Vero cells
were incubated with VSV G-4E10-Sub (MOI 500) for 1 hr at 4°C for virus attachment to cell surface.
Cells were fixed, permeabilized and blocked. 4E10 human monoclonal antibody and HRP-conjugated
anti-human antibody were incubated in the listed sequence. The DAB substrate was incubated to allow
dark precipitate formation and cell pellets were examined by electron microscopy. Fig.55 displayed the
presence of dark precipitate along one side of the cell body, which was the apical surface that was bound
to viral particles. The basal surface was not exposed to incoming virus and therefore was not stained. The

mock sample (stained with secondary antibody only) was not stained as expected (Fig.55).
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Figure 55. Detection of viral particles on the cell surface by metal-enhanced DAB immunostaining.

Vero cells were incubated with VSV G-4E10-Sub (MOI 500) for 1 hr at 4°C. Cells were washed, fixed,
permeabilized and blocked. The endogenous peroxidase activity was blocked by treating cells with
peroxidase suppressor for 30 min at RT. Cells were stained with human 4E10 primary antibody (1:250
dilution) and HRP-conjugated anti-human antibody (1:500 dilution). Finally, the DAB substrate was
added. Cells were washed and cell pellet was processed for imaging by electron microscopy. Arrow heads
indicate the dark brown precipitate on the cell surface (right panel), which indicates surface-bound viral
particles. (Left panel) Mock sample in which cells were stained with secondary antibody only. Scale bar:

lpm.
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Even though the electron microscopy could specifically detect viral particles, this experiment was time-
consuming and costly. Moreover, | could not detect internalized virus-antibody complexes (which could
further validate the live imaging data) due to the intrinsic limitations of this method. Therefore, | did not
pursue this approach any further.
2c. Characterization of antibody neutralization mechanism in a post-virus-attachment model

In the previous assays in sub-aim 2b, antibody was incubated with virus before the mixture was added
to cells. However, in vivo, virus is present not just as soluble but also as cell-bound particles so it is also
important to assess if HIV-1 antibodies could also neutralize cell-bound virus. Would antibodies be able
to engage and prevent entry of viral particles that have already attached to cells; and if so, what is the
mechanism? The goal of this sub-aim was to address those questions.

MPER bNADbs can neutralize cell-bound virus

I first performed a post-attachment plaque reduction assay to examine if MPER antibodies could
neutralize cell-bound virus. Virus was first allowed to bind to cells by incubation with cells at 4°C for 1
hr. Unbound virus was removed and the temperature was raised to 37°C to allow virus entry. At various
time points post warming up (5-45 min), MPER antibody (12.5 pg/mL) was added. Unbound antibody
was then removed and an agarose-containing medium was applied. Viral infectivity was quantified the

next day by counting the number of plaques (Fig.56).
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Figure 56. Schematic of the post-attachment plaque reduction neutralization assay. Virus is first
incubated with cells for 1 hr at 4°C to allow virus binding without internalization. Cells are washed to
remove unbound virus and then incubated at 37°C/5% CO, for a total of 1 hr. At various time points
during the incubation, antibody was added. Finally, cells are washed to remove unbound antibody and

medium containing agarose was applied. 16-24 hr later, plaques are counted.



160

As seen in Fig.57, MPER antibodies could also neutralize cell-bound virus, which indicated the post-
attachment neutralization mechanism of these antibodies. The inhibition activity peaked at 0 min time
point and gradually declined at later time points. This was possibly because viral particles were rapidly
being internalized, hence they were shielded from incoming antibody molecules and escaped
neutralization. At 45 min time point, most infectious viral particles already entered and addition of
antibody could not prevent virus infection anymore, as detected by the significant difference between the
45 min samples and the 0 min samples (Fig.57). Two controls were included: one positive control where
antibody was added to virus mixture before addition to cells and neutralization was observed (Fig.57,
red). One negative control which confirmed that addition of antibody during the virus binding step at 4°C
did not block any virus infection (only up to 20% neutralization was observed) as we have seen
previously. Overall, this experiment demonstrated that the MPER antibodies could interact with their

epitopes on cell-bound viral particles and prevent virus infection in a time-dependent Kinetics.
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Figure 57. HIV-1 MPER antibodies can neutralize cell-bound virus. Approximately 200 PFU was
incubated to cells at 4°C for 1 hr. Unbound virus was removed and cells were incubated at 37°C/5% CO,
for 1 hr to allow for virus entry. 12.5 pg/mL antibody was added at different time points post warming up.
In the 37°C -120 min samples, antibody was pre-incubated with virus for 1 hr at 37°C before the mixture
was added to cells. In 4°C -60 min samples, antibody was present during the virus attachment step at 4°C.
Values are mean + standard error of mean of two to four independent experiments. ** denotes p < 0.0005,

*** denotes p < 0.00005.



162

Post-virus-attachment neutralization of the MPER antibodies in presence of an endocytosis inhibitor

In this assay, | used a different method to examine post-virus-attachment neutralization by antibody. A
typical post-attachment assay is performed with incubation between antibody and cell-bound virus at 4°C.
This temperature is necessary to keep virus at the cell surface without being internalized. However, this
low temperature did not permit efficient MPER antibody binding as we have observed previously, and a
virus-antibody incubation step at 37°C was required (Fig.34). Therefore, | needed to find a way to retain
virus at the cell surface at 37°C to allow optimal virus-antibody interaction. This inhibitor also had to be
reversible to permit virus to subsequently enter since viral infectivity is the final readout.

In order to satisfy these requirements, | selected dynasore. Dynasore is a small chemical compound that
can target and block the activity of dynamin, a protein required for cleaving clathrin-coated pits from the
plasma membrane (Macia, Ehrlich et al. 2006). Dynasore is a common VSV inhibitor but it was never
used for testing VSV neutralization. In this modified assay, virus was allowed to extracellularly bind to
Vero cells at 37°C in presence of dynasore and 1-butanol (to keep the clathrin-coated pits in U-shaped
structure instead of the closed structures). Antibody was added to cell-bound virus for 1 hr at 37°C.
Finally, cells were washed several times to remove the inhibitors and to recover endocytosis. Medium
containing agarose was applied and plaques were counted the following day (Fig.58A).

I found that the dynamin inhibitor could effectively trap viral particles at the plasma membrane. The
incoming MPER antibody molecules could then bind and reduce up to 50% viral infectivity. The partial
neutralization efficiency could be because the dynasore did not block all dynamin molecules, or it could
be because the antibody molecules could only access half of the surface-bound virus particles. The
remaining viral particles might be enclosed in coated vesicles and therefore were not accessible to
antibody molecules.

V110, an antibody that targets the ectodomain of VSV G, also showed strong inhibition (about 40%
reduction). In absence of dynasore and 1-butanol, no neutralization was observed as expected since most
viral particles were already internalized after 1 hr at 37°C and therefore, subsequent addition of antibody

was ineffective. In addition, presence of non-specific antibody (4E10 antibody for VSV G-2F5-Sub and
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vice versa) did not have any neutralizing effect, which confirms that the neutralization effect was due to

specific antibody-virus recognition (Fig.58B).
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Figure 58. Post-attachment neutralization of HIV-1 MPER bnAbs in dynasore assay. (A) Diagram
explaining the procedure of the dynasore assay. Vero cells were pre-treated with dynasore and 1-
butanol to inhibit the internalization of clathrin-coated pits. Virus was then added to cells for 1 hr in
presence of these inhibitors. Cells were washed with inhibitors-containing medium to remove unbound
virus before antibody was added for 1 hr. Cells were washed three times to remove the inhibitors before a
plaque assay was carried out. All incubation steps were performed at 37°C. (B) The experiment was
carried out as described in A. VSV G-2F5-Sub (red) and VSV G-4E10-Sub (blue) (50,000 PFU) was
used. MPER antibody denotes the antibody that corresponds to the epitope in the viral vector. The
antibody concentration is 2.5 pg/mL for 2F5, 12.5 pg/mL for 4E10 and 0.5 pg/mL for VI110. Presence of
dynasore and 1-butanol could trap virus in clathrin-coated pits to allow antibody to access and neutralize
these surface-bound particles. * denotes p < 0.005, *** denotes p < 0.00005. Values are mean * standard

error of mean of three to four independent experiments.
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Antibodies also localize with virus in the endosomes in the post-virus-attachment system

Data from Fig.57 and Fig.58B showed that MPER antibodies could neutralize virus even after virus
attached to cells, but what was the exact mechanism? Could HIV-1 antibodies also prevent fusion in the
endosomes as we observed in the pre-virus-attachment model? In order to identify the exact mechanism, |
carried out the live imaging assay. In this system, virus was bound to cells at 4°C. Antibody was added
and cells were warmed to 37°C. Addition of antibody immediately before the temperature was raised

would ensure that antibody could access viral particles that were on the cell surface (Fig.59).
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Figure 59. Schematic of post-attachment confocal microscopy procedure. Labeled virus is first
incubated with cells for 1 hr at 4°C to allow virus binding but no internalization. Cells are washed to
remove unbound virus. Labeled antibody was added to cells for 1 hr at 37°C/5% CO,. Endosomes are
detected by Lysotracker dye which is added during the last 30 min of incubation. Finally, cells are

washed, stored in cold medium and fluorescence is recorded by the confocal microscope.
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As seen in Fig.60, antibody fluorescence colocalized with the virus fluorescence in several occasions
(Fig.60, arrow heads), which implied that the antibody molecules could interact with the cell-bound viral
particles. This recognition was possibly because the MPER epitopes were not involved in virus
attachment to cells and thus, they were exposed and accessible on cell-bound virus. Approximately 25-
58% of immune complexes could also translocate to the endosomes (arrow heads in Fig.60, Table 5). This
finding was similar to that observed in the pre-attachment model, and thus it validated that the MPER

antibodies could neutralize endosomal fusion of both cell-free and cell-bound viruses.
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Figure 60. Virus-antibody complexes are also found in the endosomes in the post-virus-attachment
model. In this assay, the procedure described in Fig.59 was carried out. Briefly, virus was added at MOI
50 for 1 hr on ice, cells were washed, and antibody was added before the temperature was raised to 37°C.
Displayed are representative images from two independent experiments. Red fluorescence indicates
antibody molecules. Green fluorescence indicates viral particles. Cyan fluorescence indicates endosomes.
Arrow heads indicate colocalization of virus-antibody complexes with the endosomes. * indicates that the
fluorescence signals were modified to allow easier visualization of colocalization events, but this
modification provided the same results as unmodified images. DIC denotes differential interference

contrast. Scale bar: 5 pum.
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#Endocytosed %Endocytosed
#Virus  #Virus-antibody virus-antibody virus-antibody

2F5 antibody 45 10 3 25.0+16.0%

4E10antibody 86 36 23 57.6+11.5%
Table 5. Quantification of virus-antibody complexes in the endosomes in the post-virus-attachment
model. The number of viral particles reflects the number of individual fluorescence dots at the 647 nm
excitation channel. The number of virus-antibody complexes reflects the number of virus fluorescence
dots that colocalized with the antibody fluorescence dots (visualized at 488 nm excitation channel). The
number of endocytosed virus-antibody complexes is the number of virus-antibody complexes that
colocalized with the endosome fluorescence (as visualized by the lysotracker dye at 555 nm excitation

channel). Values are mean + standard error of mean of four to eight different fields.
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Proposed model of neutralization mechanism by HIV-1 2F5 and 4E10 bNAbs

From these findings, | propose a model of neutralization mechanism by the HIV-1 2F5 and 4E10
antibodies. Initially, MPER antibody molecules can interact with the epitopes exposed on cell-free or cell-
bound virus. In the case of cell-free virus, antibody engagement does not prevent virus attachment to cells
and the virus-antibody complexes can still bind to cells. An average of 45% of virus-antibody complexes
are then internalized into the endosomes at 1 hr post warming up, while the remaining complexes are
found at earlier steps in the endocytosis (on the cell surface, internalized into the cells). The MPER
antibodies will then prevent virus fusion in the endosomes, virus infection is therefore inhibited.

For the VSV G-MPER vectors, the MPER epitopes are exposed on both cell-free and cell-bound
viruses. For the HIV-1 virus, | propose that the neutralization-sensitive HIV-1 viruses with their exposed
epitopes could engage antibody molecules even prior to virus binding to cells. For the neutralization-
resistant viral strains, the epitopes are only accessible after virus binds to cells and thus, MPER antibodies
could only interact with cell-bound neutralization-resistant HIV-1 particles. However, despite the
difference in the timing of antibody interaction, both types of viruses are blocked at the fusion step in the

endosomes (Fig.61).
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Figure 61. Proposed model of neutralization mechanism by the 2F5 and 4E10 bNAbs. (1) MPER
antibodies bind to epitopes on the cell-free or cell-bound viral particles. For HIV-1, MPER antibodies
could bind to cell-free viral strains that are neutralization-sensitive since their epitopes are constitutively
exposed. The neutralization-resistant HIV-1 strains are only recognized by antibodies after virus attaches
to cells and the MPER epitopes are exposed. (2) Binding of antibody to cell-free virus does not prevent
attachment of virus-antibody complexes to cells. (3) Some virus-antibody complexes are internalized and
transported to the endosomes. (4) Antibodies inhibit virus fusion in the endosomes and thus, virus

infection is prevented.
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DISCUSSION

In this study, | characterized three VSV vectors and identified the neutralization mechanism of these
viruses by HIV-1 MPER antibodies. Three important findings yielded from this study are: (1) HIV-1
MPER antibodies’ binding and neutralization efficiency is highly dependent on the temperature of virus-
antibody incubation step; (2) these HIV-1 antibodies can bind to cell-bound and cell-free virus but this
interaction does not prevent virus attachment; (3) HIV-1 antibodies prevent virus entry by blocking virus
fusion in the endosomes. Detailed discussion for each finding is as follows.

Binding and neutralization efficiency of 2F5 and 4E10 to virus correlate with temperature

At low temperature (4°C), a significant drop in both binding and neutralization efficiency was observed
for both 2F5 and 4E10 antibodies (Figs.30, 34). This effect was not observed for monoclonal antibody
V110, which recognizes the globular head of VSV G and most likely does not involve lipid interaction
(Fig.31) or for b12, a gp120-specific HIV-1 antibody (Fig.32). This reduction in binding kinetics at lower
temperatures is most likely because of the weakened CDR H3-lipid interaction. It was shown previously
that hydrophobic residues on CDR H3 can interact with the viral lipid membrane (Cardoso, Zwick et al.
2005; Haynes, Fleming et al. 2005; Ofek, McKee et al. 2010; Kim, Sun et al. 2011). This interaction is
also essential for HIV-1 neutralization (Zwick, Komori et al. 2004; Ofek, McKee et al. 2010; Scherer,
Leaman et al. 2010; Guenaga and Wyatt 2012). Therefore, it is most reasonable to propose that as the
temperature decreases, the viral lipid membrane would become less mobile, thus making it more difficult
for penetration by CDR H3.

However, viral lipid is not the only factor that contributes to the temperature effect. We observed the
same phenomenon for binding of MPER bNADbs to the MPER soluble peptide (Fig.33), which indicates
that other factors are also important in antibody binding kinetics. In a study by Kim et al., the researchers
demonstrated that the CDR H3 of 2F5 antibody molecule could dig into the lipid membrane to extract out
the epitope core residues (Kim, Sun et al. 2011). The MPER peptide has to undergo a major conformation

change to form stable peptide-antibody interaction (Sun, Oh et al. 2008; Song, Sun et al. 2009). It is
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possible that at lower temperature, the more rigid CDR H3 and the less flexible MPER peptide cannot
undergo the conformational changes that are necessary for a stable antibody-epitope engagement.

Similarly, other interactions of CDR H3 with additional unidentified residues on the MPER peptide
might also be affected. An example of one such interaction is between the 2F5 CDR H3 with the C-
terminal residues of the soluble MPER peptide, as demonstrated by Guenaga and Wyatt (2012). In
addition, the data from the 2F5 L100aS-F100bS and 11f10 experiment (Fig.37) also provide evidence that
residues outside of the MPER epitopes can contribute to MPER antibody binding.

These results demonstrate the complexities of binding mechanisms by HIV-1 2F5 and 4E10 antibodies
and highlight the critical role of CDR H3 in mediating antibody interaction with the MPER peptide and
the lipid membrane. A future mutagenesis study using the panel of G-MPER glycoproteins can dissect
and identify these new crucial interactions.

The MPER antibodies bind to cell-bound and cell-free virus but this interaction does not prevent
virus attachment to cells

I demonstrated that the HIV-1 MPER epitopes are exposed on cell-free purified virions, prior to
attachment to cells (Fig.28). There were contradictory reports on whether this region is constitutively
available (Sattentau, Zolla-Pazner et al. 1995; de Rosny, Vassell et al. 2004), or is only exposed during
virus fusion (Dimitrov, Jacobs et al. 2007). A study done by Chakrabarti et al. (2011) nicely demonstrated
that MPER antibodies can bind to the resting (or cell-free) Env proteins of lab-adapted viruses, sensitive
and moderately neutralization-sensitive isolates. In contrast, neutralization-resistant viral strains only
expose their MPER epitopes after cell binding.

The HIV-1 JR-FL strain employed here is a neutralization-resistant strain; hence, it was quite
unexpected to find that the epitopes presented in the VSV chimeras were constitutively exposed on cell-
free virions, prior to cell attachment (Fig.28). For the VSV AG-Env virus, this could be because of the
replacement of the Env CT (~150 aa) by a shorter CT from VSV glycoprotein (26 aa). Truncation of this
long CT has been shown to enhance Env’s expression, incorporation into virions and virus neutralization

by antibodies (Chen, Hubner et al. 2007; Durham, Yewdall et al. 2012). For the VSV G-MPER viruses, it



175

could be due to the higher surface expression (~300-400 trimers per particles, Fig.22B) and possibly also
because these epitopes are now presented in a less glycosylated scaffold. Nonetheless, this constitutive
exposure of the MPER epitopes on VSV vectors is a valuable property since it could enhance the
immunogenicity of these MPER antigens by continuously presenting the antigen to the immune system.

I also found that even though the viral vectors could be recognized by the MPER bNADbs prior to cell
binding, that interaction did not prevent virus from attaching to cells (Fig.60). This finding indicates that
MPER antibodies do not block virus attachment and inhibition of virus entry happens at later steps in the
endocytic pathway.

I also reported here that the HIV-MPER antibodies could also neutralize cell-bound viral particles. This
finding agrees with previous reports that also demonstrated this post-attachment neutralization
mechanism by 2F5 and 4E10 antibodies (Crooks, Moore et al. 2005; Chakrabarti, Walker et al. 2011).
Binding of MPER antibodies to VSV chimeras imply that the MPER epitopes are not involved in virus
attachment and that they are still accessible on cell-bound virions.

In my proposed model of neutralization, the HIV-1 MPER antibodies could bind to cell-free HIV-1
strains that are neutralization-sensitive. The neutralization-resistant HIV-1 strains only expose their
MPER epitopes after virus binds to cells and therefore, could only engage to antibodies after cell binding.
However, for both types of HIV-1 viruses, the HIVV-1 MPER antibodies block by inhibiting virus fusion
in the endosomes.

HIV-1 MPER antibodies prevent virus fusion in the endosomes

Intracellular neutralization mechanism is commonly observed for IgA antibodies, which enter the
cells by engaging to the cell-surface Fc receptors. IgA and IgM against HIV-1 Env protein could block
HIV-1 transcytosis across the epithelial cells (Bomsel, Heyman et al. 1998). Interestingly, these IgA
antibodies also targeted the 2F5 epitope, which suggests that the 2F5 epitope is a potent immunogen that
is targeted by the humoral response by different inhibitory mechanisms.

In contrast, few examples of intracellular neutralization by 1gG molecules were reported. In one

study, the IgG against the HA protein on influenza virus was endocytosed by the neonatal Fc receptors
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(Bai, Ye et al. 2011). Two other studies also showed endosomal fusion inhibition by 1gG (Thompson,
Moesker et al. 2009; Vogt, Moesker et al. 2009); but only one provided evidence of internalization of
virus-antibody complexes into the endosomes at sub-neutralizing antibody concentration and linked it to
endosomal fusion inhibition (Thompson, Moesker et al. 2009). Our study identified a novel intracellular
neutralization mechanism by these potent 2F5 and 4E10 IgGs that have not been observed before.

The intracellular mechanism of MPER antibodies might play a role in HIV-1 neutralization in cell-
cell transmission. In the model proposed by Dale et al. (2011), immature HIV-1 viruses are directly
transferred from infected donor cells to target cells by means of endocytosis or phagocytosis. Maturation
occurs in the endosomes which then leads to fusion of the viral membrane with the endosomal membrane.
It has been found that 2F5 and 4E10 antibodies can block cell-cell transmission, no effect was observed
for other gp120-specific antibodies (Abela, Berlinger et al. 2012; Durham, Yewdall et al. 2012). Our data
suggest that in the cell-cell transfer model, MPER bNAbs can bind to the immature virions and be
internalized by target cells. These antibodies can then abrogate fusion of the matured Env protein with the
vesicular membrane, thus preventing virus infection. A future study can dissect the neutralization
mechanism of these antibodies in HIV-1 cell-cell transmission. Many of the assays, especially the live
imaging approach, established here could also be utilized.

Future studies

Another future study can examine the differences in fusion mechanism of the Env protein at the
plasma membrane and in the endosomes to determine essential factors that contribute to these events.
Miyauchi et al. (2009) demonstrated that while the Env protein can mediate HIV-1 viral membrane fusion
with the plasma membrane, this fusion process is incomplete and arrested at the mixing of the lipid
membrane. Meanwhile, HIV-1 virions that enter by endocytosis could establish productive infection. Are
there additional cellular factors present in the host endosomes that allow the Env protein to overcome the
block present at the plasma membrane and to proceed to complete fusion? Identification of these factors
and a complete understanding of the fusion mechanism could provide new drug targets to block HIV-1

infection.
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Only in vitro neutralization mechanisms were assessed in our study. Neutralization is defined as the
inhibition of virus infection by binding of antibody in the absence of other cellular inhibitory components.
Other effector functions carried out by Fc receptor and/or complements could also contribute to in vivo
inhibition as seen previously for b12, another HIV-1 Env bNAb (Hessell, Hangartner et al. 2007). This
study provides a detailed look at in vitro neutralization mechanisms by 2F5 and 4E10, but it is likely that
other cell-mediated mechanisms also are important for protection in vivo. Further studies are therefore
necessary to understand the different protective mechanisms by HIV-1 antibodies. The lessons learned
from these antibodies could guide researchers in designing more effective HIV-1 vaccine and

antiretroviral drugs to prevent and treat this devastating infection.
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CONCLUSIONS
Thesis studies and findings

Since its discovery thirty years ago, HIV-1 remains a devastating viral infection. The only way to stop
this pandemic is to create an effective prophylactic vaccine that could prevent infection in the first place.
During my internship at IAVI, we designed several vectors using the replicating vesicular stomatitis virus
to display the HIV-1 MPER epitopes. We showed that these VSV G-MPER chimeras were promising
vaccine vectors since they could elicit HIV-specific antibody response in animals. However, the response
was weak, and therefore, more understanding of the HIV-1 MPER was needed in order to improve HIV-1
vaccine designs.

In one thesis project, | sought to determine the criteria for efficient presentation of the MPER epitopes
by VSV to maintain the functional epitope conformation while preserving the virus’s replicative ability.
By characterizing twenty chimeric G-MPER constructs for binding and neutralization by the MPER
antibodies, the following requirements were identified: the epitope should be short and located closer to
the membrane. Furthermore, non-specific sequences were deleterious to viral infectivity. In addition,
unexpectedly, | also identified two additional MPER residues (Y1 (682-683)) that were important for
4E10 activity. These findings are important to improve the MPER-directed vaccine vectors.

In the second project, | examined the neutralization mechanism of the MPER antibodies in virus
endocytosis. These MPER antibodies are powerful natural inhibitors of virus infection and hence, it is
vital to understand their fundamental inhibitory mechanism(s). By taking advantage of the VSV chimeras,
which also entered by endocytic pathway, | hypothesized and confirmed that HIV-1 antibodies could
block virus fusion in the endosomes. This intracellular inhibition is a unique neutralization mechanism by
IgG antibodies that act at a later step in virus endocytosis. | also identified the temperature-dependent
property of virus and antibody interaction, which further emphasized the role of lipid membrane and
antibody’s CDR H3 in neutralization.

Study significance and broad applications

First, the criteria identified in the first study elucidated the requirement for MPER epitope presentation
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by a replicating vector. By following the guidelines, one could save time and efforts in future designs of
MPER immunogens. In addition, the viral chimeras that were generated and characterized in this study
are also attractive vaccine candidates for future immunogenicity studies. While the first generation of
VSV G-MPER chimeras was weakly immunogenic, it is possible that the humoral response could be
enhanced by taking advantage of the synergistic effect of these second-generation chimeras when they are
used in sequential immunization strategy.

The results described in the first study could also be applied to other viruses besides HIV-1 and VSV.
For example, influenza virus is another human viral pathogen that kills thousands of people in the United
States each year. While a seasonal vaccine is available, a universal vaccine is a more economical and
effective strategy to prevent viral infection. A similar immunogen design can be applied for the influenza
MPER epitope. Furthermore, fusion proteins of other viral vectors could also be utilized to display the
MPER antigen. Several candidates to be considered are the hemagglutinin protein of influenza virus,
fusion protein F of paramyxoviruses and protein B of human cytomegalovirus. These proteins are all well
studied and much is known about their structures and properties, which will make it easier to design
chimeric proteins with MPER epitope inserts.

Identification of additional MPER residues that are essential for 4E10 activity underscored the
complexity of the interaction between the HIV-1 MPER antibodies and their epitopes. The MPER is a
popular target for HIV-1 vaccine design because of its short length yet numerous epitopes. However,
previous efforts have not had any success. It is likely that the failure in producing potent MPER
immunogens was because we did not incorporate all elements that are required for interactions with the
antibodies. Our study suggested that in order to create an effective MPER immunogen, one must first
identify all factors-like the MPER residues reported here-that contribute to antibody activity and its
generation in vivo.

In the second study, the neutralization mechanism by HIV-1 broadly neutralizing antibodies was
uncovered. This study revealed vulnerable domains that are exploited by the antibodies, which could be

additional drug targets for virus infection treatments. Furthermore, | also established new experimental
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approach to study the neutralization mechanism of broadly neutralizing antibodies. While neutralization
mechanism has been previously demonstrated for bNAbs using various biochemical and imaging assays,
this study reported a unique, easy and reliable live-imaging approach to track virus-antibody interaction.
This method could be utilized for studying the neutralization mechanisms of other bNADbs.

Future studies

There are several unanswered questions and new directions that ramified from this thesis. First, the
MPER residues (Y1 (682-683)) in the VSV G-4E10 chimeras were found to be indispensable for 4E10
activity. Whether 4E10 also interacts with these residues in HIV-1 is to be tested. Therefore, a
mutagenesis study is necessary to examine the roles of these residues in the native HIV-1 Env protein and
to identify additional residues that could interact with the HIV-1 antibodies.

In addition, the neutralization mechanism identified here was determined by in vitro assays performed
with lab-adapted cell lines. Since antibodies play essential role in protection in natural infection, further
studies to elucidate their protective mechanism in vivo are necessary. Moreover, since cell-cell
transmission of HIV-1 is another highly productive transmission route in vivo, it is also necessary to
address how MPER antibodies could block this pathway. Our findings suggest that the MPER antibodies
could bind to the virions, be internalized as a complex into the target cells, and finally prevent virus
fusion in the endosomes.

Concluding remarks

This thesis was set out to study broadly neutralizing antibodies, their epitopes and effective immunogen
designs. While there were many technical challenges along the way, | was able to generate valuable data
that could benefit vaccine designs and treatments. In addition, several unexpected yet interesting insights
were made, which opened up exciting research directions for future studies.

Infection from pathogenic agents remains to be a serious public health challenge, especially with the
increasingly globalization of the modern world. More studies in both basic and translational research in
infectious diseases are therefore necessary. | am going to continue this fight against infectious diseases

and I hope that in the future, there would have a healthier world.
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ABSTRACT (Word count: 206)

The structure of the HIV-1 Envelope membrane-proximal external region (MPER) is influenced by its
association with the lipid bilayer on the surface of virus particles and infected cells. To develop a
replicating vaccine vector displaying membrane-associated MPER sequences, the Env epitopes
recognized by the broadly neutralizing antibodies 2F5, 4E10, or both were grafted into the membrane-
proximal stem region of the vesicular stomatitis virus (VSV) glycoprotein G. VSV encoding
functional G-MPER chimeras based on the Indiana or New Jersey serotype G propagated efficiently
although grafting of both epitopes (G-2F5-4E10) modestly reduced replication and resulted in the
acquisition of 1-2 adaptive mutations in the stem region. Monoclonal antibodies 2F5 and 4E10
efficiently neutralized VSV-G-MPER vectors and bound to virus particles in solution, indicating that
the epitopes were accessible in the pre-attachment G-MPER chimeras. When rabbits were immunized
with live VSV encoding G-MPERs, 8 out of 12 animals produced MPER-specific antibodies detected
by ELISA. Overall, our results show that the HIV Env MPER can functionally substitute for the VSV
G stem region indicating that both perform similar functions even though they are from unrelated
viruses. Furthermore, our initial results indicate that MPER sequences grafted into G elicit antibody

responses providing a new platform for investigation of MPER-based HIV vaccines.

IMPORTANCE (Word count: 150)

HIV-1 is neutralized by several unique monoclonal antibodies that bind to the membrane-proximal
external region (MPER) of the Envelope glycoprotein (Env). Consequently, experimental MPER
vaccines have been studied intensively but have failed to induce the same type of neutralizing
antibodies. Because the MPER is naturally associated with the HIV membrane surface, a prevailing
explanation for the negative results suggests that current vaccine candidates do not deliver the
membrane-induced MPER conformation needed to elicit the correct antibody specificity. Accordingly,
we are developing live vesicular stomatitis virus (VSV) vectors to deliver membrane-associated MPER
vaccines. We modified the VSV glycoprotein (G) by replacing amino acids in the membrane-proximal
stem with MPER residues. Surprisingly, G activity essentially was unchanged by this substitution
demonstrating that the MPER and G stem perform conserved functions. The grafted MPER sequences
also retained their natural antigenic properties and live VSV expressing G-MPER hybrids induced

MPER-specific antibodies in vaccinated rabbits.
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INTRODUCTION

An AIDS vaccine that consistently induces the immune system to produce potent broadly
neutralizing antibodies (bnAbs) against a wide spectrum of HIV-1 genetic variants will significantly
reduce the frequency of sexual transmission of the virus (1). Antibodies neutralize HIV through
binding with functional glycoprotein spikes on the surface of the viral particles. Functional spikes,
which mediate cell attachment and virus entry, are homo-trimeric complexes of the mature viral
envelope (Env) protein (2, 3). Env is composed of two non-covalently associated glycoprotein
subunits (gp120 and gp41) derived from a proteolytically cleaved precursor protein (gp160). The
gp120 subunit directs attachment to the CD4 receptor and a coreceptor (CXCR4 or CCRSY), and the
gp41 transmembrane polypeptide promotes fusion between the viral envelope and cellular plasma
membrane. These steps are required for entry of viral cores into the cell cytoplasm and initiation of
replication (4).

A number of Env epitopes recognized by bnAbs have been identified (1, 5, 6), including several
that are within the membrane-proximal external region (MPER) of gp41 (7-9). The MPER is a 24-
amino acid sequence in the gp41 ectodomain (residues 660-683) located adjacent to the lipid bilayer
where it plays a role in membrane fusion probably through destabilizing and rearranging membrane
components (7-9). The prototype MPER-specific bnAbs are 2F5 and 4E10, which bind to adjacent
linear epitopes in the MPER and neutralize many HIV strains (10, 11). Importantly, surveys of serum
from HIV-infected patients also have found MPER-specific virus neutralizing activity (1, 12-19), and
recently a new potent MPER-specific monoclonal antibody (10E8) has been isolated (20). These
findings emphasize the importance of the Env MPER as an important target for HIV vaccine
development.

The structure of the MPER is dependent on its microenvironment, but when associated with
membrane it adopts an alpha-helical structure with multiple tryptophan residues embedded in the lipid
bilayer (21, 22). Accordingly, bnAbs 2F5 and 4E10 have unique structures tailored for binding
epitopes that are membrane associated (23, 24). Both antibodies have long hydrophobic CDR H3
loops that interact with membranes when the immunoglobulins bind their MPER epitopes. Mutations
that decrease the hydrophobicity of the CDR H3 loops of 2F5 and 4E10 diminish HIV neutralization
activity (25, 26) supporting a model in which neutralizing antibodies require a hydrophobic CDR to
interact with the MPER on functional trimer spikes (21, 27, 28). Consistent with this model, the new
10E8 antibody also has a long CDR H3.

A variety of experimental vaccines targeting the MPER have been tested in animal models, and

some have been found to elicit antibodies with MPER specificity, but virus neutralization activity
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generally has been either weak or active against a limited range of HIV isolates (7, 8). Multiple factors
make the MPER a challenging vaccine target (7, 29-31). For example, some anti-gp41 antibodies are
cross-reactive with self-antigens and antigens present on normal human gut flora, which seems to bias
the immune system against producing MPER-specific responses (32-34). Moreover, MPER
determinants that elicit neutralizing antibodies might be poorly accessible to the immune system
because they are occluded on the Env trimer, embedded in the lipid bilayer, or exposed to the immune
system only transiently during Env structural transitions required for cell attachment and entry (28, 31,
35-37). Taken together, this indicates that an effective MPER vaccine must elicit antibodies with the
correct epitope binding specificity and also drive maturation of relatively rare CDR H3 modifications,
which allow interaction with the MPER in the context of the lipid bilayer.

Our objective is to develop a vaccine that will expose the immune system to membrane-
associated MPER immunogens, because a lipid microenvironment might be necessary for the MPER to
adopt conformations required to elicit neutralizing antibodies (30, 31, 38-41). We are using the
vesicular stomatitis virus (VSV) glycoprotein (G) as a carrier for MPER sequences, because it is a
transmembrane protein that forms abundant trimeric spikes on virus particles (42). Furthermore, since
the membrane-proximal region of G (G-stem) plays a role in membrane fusion and shares some
sequence features with the MPER (9, 43, 44), we selected the G-stem domain as the location for
introducing MPER sequence grafts. Characterization of recombinant VSV encoding G-MPER hybrids
as their sole attachment protein revealed that replacement of G-stem amino acids with residues from
the MPER had a minimal effect on virus growth kinetics. There was a 40-60% reduction in G-MPER
incorporation into VSV particles compared to native G, but the abundance was still much greater than
Env incorporated in HIV particles, which contain only 10-20 trimeric spikes (45). Compared to
lentivirus reporters prepared with HIV Env, VSV containing G-MPERs were more sensitive to 2F5
and 4E10 neutralization, perhaps because the MPER domain present on the VSV surface was more
accessible to antibodies prior to cell attachment. The immunogenicity of MPER epitopes embedded in
G was analyzed by vaccinating rabbits with live VSV vectors encoding G-MPERs as their attachment
protein. Several animals immunized sequentially with vectors encoding G-MPERs based on the
Indiana (Gyy) and New Jersey (Gny) G serotypes produced MPER-specific IgG detectable by ELISA.
Analysis of one of the positive sera by peptide array showed that the 2F5 epitope was the primary
target.

RESULTS
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Incorporation of MPER sequences into the G-stem region. The membrane-proximal
sequences of gp41 (Fig 1A) and G (Figs. 1B-C) were compared to identify strategies for incorporating
MPER epitopes into the G-stem domain without significantly diminishing G function. As pointed out
by others (9, 46), there is no significant sequence identity but there are similarities between the HIV
MPER and the VSV G-stem: i) both contain multiple aromatic amino acids, tryptophan in particular, a
characteristic found in membrane-proximal regions of many viral fusion proteins; ii) both contain an
ExxE motif in which the xx residues are hydrophobic amino acids, and iii) they both have a basic
amino acid residue at the predicted interface with the lipid bilayer, which is common for single-pass
transmembrane proteins (47). These comparable features were used to guide grafting of MPER
sequences into the G-stem domain.

The 2F5 and 4E10 MPER epitopes were incorporated into the G-stem domain by two different
approaches to produce several different hybrid proteins collectively called G-MPERs (Fig. 1). To
analyze the effect of a simple sequence insertion, the 2F5 epitope was added (VSV Gn-2F5-Ins, Fig.
1D) N-terminal to the minimal 14-amino G-stem domain (44). The inserted sequence contained the
2F5 epitope, several flanking additional MPER amino acids, and linker residues (S and G). In the
second approach, 2F5 or 4E10 epitope residues were grafted into the G-stem region based on the
sequence features mentioned above. For the VSV Gn-2F5-Sub construct (Fig. 1E), the G-stem
sequence EFVEGWF was replaced with the MPER sequence ELLELDKWASLWNWEF using the
ExxE and WF residues (bold) as a guide. Similarly, for the VSV Gn-4E10-Sub construct (Fig. 1F),
the WFSSWK G-stem sequence was replaced with WFDITNWLWYIK from the MPER, which
includes the 4E10 epitope (WFDITNWLW). Finally, the complete MPER was grafted into the G-stem
sequence by replacing EFVEGWFSSWK with ELLELDKWASLWNWFDITNWLWYIK (Fig. 1G,
Gmn-2F5-4E10-Sub).

To analyze expression of G-MPER proteins, 293T cells were transfected with plasmid DNAs
encoding the chimeric polypeptides. Fig. 2A shows the results of Western Blotting using total cell
lysates prepared 24 hours post-transfection. Similar quantities of unmodified Gy and the four Gin-
MPER proteins were detected using antibody specific for the Gy cytoplasmic tail, which is common to
all of the polypeptides (Fig. 2A, top panel, lanes 2-6), indicating that there was no significant
difference in steady-state quantities, although the amount of Gy with the double-epitope insert was
slightly lower in some experiments (Gin-2F5-4E10-Sub lane 6). A small decrease in electrophoretic
mobility was observed for Gin-2F5-Ins (lane 3), which was consistent with the epitope being inserted
without removing any G-stem sequences and thus increases the final molecular weight. Monoclonal

antibodies 2F5 or 4E10 (Fig. 2A) also reacted specifically with the expected Giv-MPER polypeptides.
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Noticeably, antibody 2F5 reacted more strongly with the Gin-2F5-Ins (lane 3), suggesting that the
epitope might be more accessible in this chimera under the conditions used for Western Blot analysis.

To estimate the relative quantities of G or G-MPER incorporated into the plasma membrane and
determine whether MPER antibody binding determinants were accessible on the cell surface,
transfected 293T cells were stained with antibodies 2F5, 4E10 or VI-10 (VI-10 binds to the Gy
ectodomain) and analyzed by flow cytometry (Fig. 2B). Positive staining with VI-10 demonstrated
that Gy and all Giv-MPER proteins were expressed on the cell surface. MPER epitopes were also
accessible, as shown by surface staining with antibodies 2F5 or 4E10. The mean fluorescence
intensity for Giv-2F5-4E10-Sub was generally lower compared to Gy or other Giv-MPER proteins,
indicating that grafting of the full-length MPER modestly reduced the quantity of the glycoprotein
incorporated into the plasma membrane.

Trimerization of G is necessary for efficient transport of the viral glycoprotein to the plasma
membrane and its subsequent fusion activity. Therefore, we tested whether the G-MPERSs trimers were
present on the cell surface. Transfected 293 T cells were treated with a membrane-impermeable
chemical crosslinker (3,3’-Dithiobis-[sulfosuccinimidyl-propionate]; DTSSP) to covalently link G
monomers in trimeric complexes. Following treatment, excess crosslinker was quenched and total cell
lysates were prepared for analysis by non-reducing SDS-PAGE. Gy and Giv-MPER proteins were
quantified by Western blotting using antiserum specific for the Gy cytoplasmic tail (Fig. 2C). The
results showed that crosslinking produced bands corresponding to G dimers (110kDa) or G trimers
(165kDa), which increased in quantity proportional to the concentration of DTSSP. Higher-order
complexes also were detected and may be indicative of a high density of trimers on the transfected cell
surface.

Next, we evaluated the fusion activity of the Gin-MPER proteins. G induces fusion of the VSV
envelope and the endosomal membrane after internalized virus particles are exposed to low pH in the
endosome. The fusion activity of G can be analyzed using cell monolayers transiently expressing the
glycoprotein since brief exposure to acidic buffer will induce cell-to-cell fusion (44). As shown in Fig.
3A, cell monolayers expressing Gin, Gin-2F5-Sub or Gin-4E10-Sub formed large syncytia after
treatment with low pH buffer. Syncytia formed much less frequently and were smaller in cells
expressing GiN-2F5-4E10-Sub. Inefficient syncytia formation by Gin-2F5-4E10-Sub indicates that
there is a partial defect in fusion function, but reduced expression at the cell surface might contribute to
this phenotype as well (Fig. 2B). No syncytium formation was observed in cells transfected with Gn-

2F5-Ins, indicating that it lacked detectable membrane fusion activity.
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We also analyzed the different Giv-MPERSs using an HIV pseudovirus reporter system (Fig. 3B)
to determine whether the chimeric proteins retained functions needed to mediate infection. Single-
cycle vectors encoding GFP or luciferase were pseudotyped with Gy or Giv-MPER variants and then
were used to infect 293T cell monolayers. Fig. 3B shows cells expressing GFP three days post-
infection. GFP was abundant in cells infected with pseudoviruses coated with G, Gin-2F5-Sub or
Gmn-4E10-Sub. In contrast, lower but detectable GFP expression was produced by particles
pseudotyped with Gn-2F5-4E10-Sub. Only background fluorescence was evident when the particles
were pseudotyped with Giv-2F5-Ins. To determine the relative infectivity, similar experiments were
conducted with pseudoviruses encoding a luciferase reporter. Relative luciferase activity averaged
over 3 experiments is included in each picture showing GFP fluorescence (Fig. 3B). The resulted
indicated that particles pseudotyped with Gin-2F5-Sub or Giny-4E10-Sub retained approximately 30%
of the infectivity relative to particles containing Gin. The infectivity of particles containing Gin-2F5-
4E10-Sub or Giy-2F5-Ins was reduced further to about 5% and 2%, respectively.

Taken together, these results indicate that Gin-MPER chimeras containing grafts of the 2F5 or
4E10 epitopes functioned similarly to unmodified Gin. Grafting of both epitopes significantly reduced
but did not abolish membrane fusion activity (Fig. 3A) and pseudovirus infectivity (Fig. 3B). Simple
addition of the 2F5 epitope at the N-terminus of the G-stem region (Gn-2F5-Ins) eliminated detectable
cell-to-cell fusion activity (Fig. 3A) and resulted in lentivirus particles that were not infectious (Fig.
3B).

Characterization of recombinant VSV encoding G-MPER proteins. VSV genomic DNA
clones were constructed in which the Gy gene was replaced by Gin-2F5-Sub, Gin-4E10-Sub or Gix-
2F5-4E10-Sub. The three recombinant viruses were rescued and isolates were subjected to 10 serial
passages at low multiplicity of infection using VERO cell monolayers before preparing virus stocks
used for further studies. Nucleotide sequence analysis confirmed the presence of the expected MPER
graft. Over the course of passage cycles 4-7, VSV Gn-2F5-4E10-Sub acquired an adaptive mutation
in the G-MPER region that resulted in a glutamine-to-glycine substitution at position 662
(E6s9LLG662L DKWASLWNWEFDITN WLWYIKgg3, amino acid positions correspond to HIV Env
HXB2; see Fig. 1H).

To determine the effect of the MPER grafts on VSV replication, we quantified virus propagation
during a single round of infection. VERO cell monolayers were infected with 5 PFUs per cell and
infectious progeny released into the culture supernatant was quantified over a 24-hour period. The
results showed (Fig. 4A) that VSV Gn-2F5-Sub, VSV Gn-4E10-Sub and VSV Gn-2F5-4E10-
Sub(E662G) propagated at a rate comparable to unmodified VSV and reached similar titers after 24
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hours (~1x10° PFU per ml). We also analyzed replication of VSV Gn-2F5-4E10-Sub derived from
passage 1 and found that about ten times less virus was produced at 24 hours post-infection (~1x10°
PFU per ml), which indicated that the E662G mutation increased production of progeny chimeric virus
to the levels of unmodified VSV.

To determine if insertion of MPER epitopes into the G-stem led to reduced quantities of G-
MPER incorporated into virus particles compared to unmodified VSV, we analyzed purified viruses by
SDS-PAGE and Coomassie Brilliant Blue staining to estimate the relative quantities of virion
structural proteins. The results in Fig. 4B showed that the quantities of Gn-2F5-Sub and Gy-4E10-
Sub were about 50-60% compared to native G and that Gn-2F5-4E10-Sub was slightly less at 40-50%
for virus purified from either passage 1 or passage 10 (E662G). These results suggest that impaired G
function (Fig. 2) rather than glycoprotein incorporation (Fig. 3B) was the primary cause of the partial
defect in replication for the passage 1 VSV Gn-2F5-4E10-Sub (Fig. 2A).

An antibody-binding assay was carried out with purified virus to determine if the 2F5 and 4E10
epitopes were accessible on VSV particles (Fig. 4C and D). ELISA plates coated with anti-G antibody
(VI-10) were used to capture VSV particles after which the bound virus was incubated with increasing
quantities of 2F5 or 4E10. The results showed that antibodies 2F5 and 4E10 bound to viruses
containing the corresponding epitopes with half-maximal concentrations of 0.2-0.3 pg/ml. There was
no significant difference in binding between VSV Gn-2F5-4E10-Sub derived from passage 1 or
passage 10 (E662G) (data not shown). This result demonstrated that the MPER antibody binding
determinants were present and were accessible on the surface of VSV particles with G in its pre-fusion
form.

A plaque reduction assay was used to quantify virus neutralization by antibodies 2F5, 4E10,
Z13el and VI-10 (Fig. 5A). The potency of anti-Gpy monoclonal antibody VI-10 was similar for all
recombinant viruses and antibodies 2F5 and 4E10 efficiently neutralized VSV G-2F5-Sub and VSV G-
4E10-Sub, respectively. Both antibodies were effective against VSV G-2F5-4E10-Sub (E662G) (Fig.
5A), and this virus also was susceptible to neutralization by antibody Z13el (48). Significant
differences were not observed in the neutralization potency of 2F5, 4E10 and Z13e1 between VSV
Gn-2F5-4E10-Sub with and without the adaptive E662G mutation (data not shown). As expected,
antibodies 2F5, 4E10, or Z13el (Figs. 5B-C) did not neutralize VSV containing native G. Notably, the
2F5 and 4E10 ICs values (Table 1) indicated that 10-100 times less antibody was needed to inhibit
VSV-G-MPER infection by 50% (ICs) as compared to quantities needed to similarly reduce infection
of HIV pseudovirions in the sensitive TZM-bl assay (49). Perhaps the density of G-MPER on the VSV
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surface or accessibility of MPER epitopes resulted in an increased susceptibility to neutralization by
the anti-MPER monoclonal antibodies.

G-MPERs chimeras also were constructed in Gy; for the purpose of producing VSV vectors
that could be used in a glycoprotein exchange prime/boost vaccination regimen (50). Following the
MPER grafting strategy used for the G, VSV vectors encoding Gnj-2F5-Sub or Gnj-4E10-Sub were
rescued readily. In contrast, we were unable to rescue VSV Gyj-2F5-4E10-Sub. To solve this
problem, we modified the MPER sequence grafted into the Gyj-2F5-4E10-Sub by introducing the
E662G substitution found in VSV Gnx-2F5-4E10-Sub after serial passaging. Recombinant virus VSV-
Gny-2F5-4E10-Sub (E662G) was viable, although a second amino acid substitution emerged in the
MPER (L679P) at some point during plaque isolation and amplification
(ELLGLDKWASLWNWFDITNWP47oWYIK; Fig. 1H). This result indicated that further adaptation
was necessary for the MPER to effectively substitute for the Stem domain in Gyy.

Because the MPER grafted into Gn;-2F5-4E10-Sub contained 2 amino acid substitutions, it was
important to confirm whether it was still recognized by antibodies 2F5 and 4E10. Accordingly, a virus
neutralization assay was conducted with VSV-Gy;-2F5-4E10-Sub(E662G/L679P). The results showed
that the virus was sensitive to neutralization by antibody 2F5 (Fig. 5SE) and also was neutralized by
4E10 (Fig. 5F) but slightly less efficiently. Thus, the modified MPER retained antigenic properties
similar to the wild-type sequence.

In summary, these results show that 2F5 and 4E10 epitopes can be incorporated into the G-stem
region without significant loss of G function. G activity was retained when G-stem residues were
replaced with MPER sequences while simple insertion of an MPER epitope N-terminal to the G stem
domain inactivated function. Our findings also indicate that the MPER epitopes incorporated in the G-
stem region are present on the surface of infectious VSV particles in a conformation that is recognized
by MPER-specific antibodies and that antibody binding potently neutralizes virus infectivity.

Immunogenicity of MPER sequence grafts in G. Natural epitopes in G are known to be
strongly immunogenic (51). Consequently, it was important to determine whether the MPER epitopes
embedded in the G-stem region could elicit antibodies or whether natural G epitopes dominated the
humoral response. Accordingly, rabbits were vaccinated by intramuscular injection with live VSV-G-
MPER vectors. Over the course of 18 weeks, the animals were primed twice with VSV-Gn-MPER
vectors and then boosted twice with vectors encoding the corresponding Gnj-MPER. Vaccinated
rabbits showed no evident signs of discomfort due to repeated vaccination with live VSV and all

animals seroconverted for G (data not shown).
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Serum from vaccinated rabbits was evaluated by two methods to detect MPER-specific IgG.
First, ELISA was conducted with plates coated with an epitope tagged MPER peptide (Table 2). The
results showed that 4 of 12 animals produced MPER-specific IgG detectable with this ELISA format at
some point during the vaccination regimen, indicating that the sequence graft was modestly
immunogenic. Two out of 4 positive animals were vaccinated with VSV-G-2F5-Sub, and the other 2
were vaccinated with G-2F5-4E10-Sub. VSV-G-4E10-Sub did not induce MPER-specific antibodies
detectable by ELISA. Notably, in 3 out of the 4 positive animals, serum antibodies were detectable
only after the VSV-Gy;-MPER boost suggesting that the serotype switch was beneficial. HIV
pseudovirus neutralization assays also were performed (data not shown), but no activity was detected.
At this stage, it is unclear whether the MPER-specific antibodies induced by G-MPER were non-
neutralizing or whether the quantity was too low to neutralize HIV pseudoviruses.

To analyze MPER binding activity by a second method and also determine the fine specificity of
the antibody response elicited by G-MPER immunogens, we further analyzed several sera using
peptide array technology. Known major antigenic epitopes from VSV-G were clearly identified (data
not shown). Also, sera from VSV-G-2F5-Sub group all targeted the MPER graft region. Although
serum V39 was negative in ELISA, binding was observed in the peptide array centered on a novel
chimeric epitope created by the graft that contained part of the 2F5 epitope (sequence
KNPIELLELDK, data not shown). V11 and V46 specifically recognized MPER epitopes. The amino
acid sequence preferentially recognized by the serum from animal V46 (Figs. 6A and 6B), which was
vaccinated with VSV-G-2F5-Sub, centered on the sequence ELDKWA, which includes the 2F5 core
epitope (10) (Fig. 6C). This indicated that the G-MPER graft elicited antibodies with a relevant
specificity. Consistent with the ELISA data, animals immunized with the 4E10 graft did not respond
against MPER determinants. Sera from two animals vaccinated with VSV-G-2F5-4E10 (V7, V37,
data not shown) did recognize the MPER, however the epitopes could not be clearly delineated. This
result might be due to the presence of multiple different IgGs representing multiple specificities

present at near-equal potencies.

DISCUSSION

Binding of monoclonal antibodies 2F5 and 4E10 to the gp41 MPER neutralizes many HIV
isolates (51, 52). However, even though many innovative strategies have been explored (7, 8) it has
proven very difficult to develop experimental vaccines that elicit 2F5- or 4E10-like antibodies with
potent antiviral activity. For example, mice vaccinated with protein scaffolds containing 2F5 or 4E10

epitope grafts produced antibodies with the expected binding specificities but they were non-

Page 10 of 28



O 00 N o uu B~ W N R

W W W N N N N NN N N N NN P R P R R R R R R
N P O OW 00 N O Ul A W N B O O O N OO U B W M » O

neutralizing against HIV (53, 54). The absence of neutralization activity correlated with a lack of long
hydrophobic CDR H3 loops (54). Immunogens also have been displayed on non-replicating virus-like
particles (55, 56) to form MPER structures associated with the lipid bilayer, and indeed, Ye et al. (56)
observed increased HIV neutralization breadth in the serum of vaccinated guinea pigs. Collectively,
prior results indicate that a number of different experimental vaccines can elicit antibodies with anti-
MPER specificity but that MPER binding is not always adequate to block HIV infection and that an
effective MPER vaccine must present the immunogen in a specific conformation to reproducibly
induce antibodies with neutralizing activity.

Immunogens based on G-MPER chimeras expressed by VSV have several potential advantages.
Notably, the MPER is incorporated as a functional membrane-proximal domain in a transmembrane
glycoprotein, which we anticipate will help present the MPER epitopes in conformations needed to
elicit neutralizing antibodies (7, 28, 30, 31, 38, 39). Also, VSV G-MPER vectors will expose the
immune system to the MPER without competition from the immunodominant epitopes present on Env
or the structures that occlude the MPER in the Env trimer (36). Furthermore, because the G-MPERs
are functional, they can be used as the sole attachment protein in replication-competent VSV vectors,
and based on the assumption that VSV particles contain roughly 400 G trimers (57), we estimate that
the recombinant VSV G-MPER virions contain about 150-200 G-MPER complexes (Fig. 4B). The
abundance of G-MPER combined with the immunogens arrayed in a membrane-proximal context on
virus particles should prove beneficial for eliciting B cell responses (58). Finally, there is a significant
body of work indicating that a live VSV vaccine will be practical to test and advance as a vaccine
candidate. Numerous preclinical studies have shown that VSV vectors are immunogenic and can be
administered safely (59-61). A clinical trial with VSV vectors in humans is ongoing that will provide
valuable experience with VSV to inform future vaccine design (Clinicaltrials.gov identifier
NCT01438606).

VSV vectors have been tested previously as MPER vaccine delivery platforms. Luo et al. (62)
fused HIV MPER sequences to the porcine endogenous retrovirus p15E polypeptide and used both
plasmid DNA and VSV vectors to immunize rabbits. Antiserum with MPER specificity was produced
but broad HIV neutralization activity was not observed. Schlehuber et al. (63) constructed a functional
G protein with the 2F5 epitope (ELDWKA) inserted into a surface-exposed loop at position 191. VSV
expressing this modified G-2F5 chimera was sensitive to neutralization by 2F5 antibody, but
immunogenicity testing has not been reported and it is uncertain whether the MPER epitope inserted in

a domain distant from the lipid bilayer would elicit antibodies that neutralize HIV.

Page 11 of 28



O 00 N o uu B~ W N R

W W W N N N N N N N N NN P R P R R R R R R
N P O OW 00 N O Ul A W N B O O O N OO U B W M B O

An important hurdle for further development of the G-MPER immunogen is the modest MPER
immunogenicity seen in the pilot rabbit study we conducted with the prototype VSV-G-MPER vectors
(Table 2). Even though all rabbits seroconverted for VSV G, MPER ELISA results were positive for
just 4 out of 12 animals (Table 2). It is worth pointing out that the ELISA is based on an MPER
peptide, and although this substrate is practical for use in the assay, it may not be optimal for detecting
antibodies that might recognize the MPER associated with lipids. Four rabbits vaccinated with VSV
G-4E10-Sub did not produce detectable anti-MPER antibodies, indicating that the 4E10 epitope was
not effectively displayed to the immune system perhaps because it was positioned closest to the
transmembrane domain. In the remaining 8 vaccinated animals, 50% produced MPER-specific
antiserum. Two of these animals were vaccinated with G-2F5-Sub and 2 were vaccinated with G-2F5-
4E10-Sub implying that these G-MPER designs were more immunogenic than the G-4E10 variant.
Further analysis of the ELISA-positive sera failed to detect HIV pseudovirus neutralization activity
(data not shown) with the sensitive TZM-bl assay (64), but it is difficult to clearly conclude whether
this was due to the properties of the anti-MPER antibodies or the low magnitude of MPER-specific
IgG (Table 1). It is worth highlighting that analysis of the highest titer antiserum by peptide array
showed that VSV G-2F5-Sub did induce antibodies that recognized the core of the 2F5 epitope (Fig.
6). Collectively, results from the rabbit immunogenicity study indicate that the MPER grafted into the
membrane-proximal G-stem domain is able to induce antibody responses, but further work is necessary
to increase immunogenicity of the MPER graft.

It is probable that the strong immunogenicity of natural epitopes in G diminished the magnitude
of response directed to the MPER grafts. The Gy and Gy serotype switch that we used seemed to
partially overcome this problem since anti-MPER activity was detected in 3 of the 4 positive animals
(Table 1) after the VSV Gnj-MPER boost indicating that an improved heterologous prime/boost
regimen might focus a greater magnitude of the response on the MPER. Perhaps responses elicited by
a regimen including VSV Gin-MPER and Gynj-MPER vectors to prime B cell responses against MPER
in the microenvironment of the lipid bilayer could be boosted significantly with a heterologous soluble
protein formulated with an adjuvant. On the other hand, since the MPER embedded in G does elicit
weak but detectable responses, it might be more practical using the G-MPER technology to improve
other VSV-HIV vaccine vectors rather than developing it further as a stand-alone MPER immunogen.
VSV-HIV vaccine vectors encoding HIV proteins like Env or Gag could be built with a vector that
expresses a functional G-MPER in place of G, which would provide a practical mechanism to co-

deliver the MPER along with other HIV immunogens.
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It was notable that antibodies 2F5 and 4E10 bound to cell-free VSV G-MPER particles. This
result demonstrated that the MPER epitopes were accessible and had a conformation required for bnAb
recognition (Fig. 4C and D). This result also showed that the MPER is displayed differently on the
VSV-G-MPER particle compared to the surface of HIV, where the MPER is exposed in neutralization-
resistant strain JR-FL only during receptor engagement and membrane fusion (36). It also is important
to emphasize that the 2F5 and 4E10 bnAbs neutralized VSV-G-MPER infectivity, indicating that the
antibodies were engaging functional trimeric G-MPER spikes. In fact, the VSV-G-MPER viruses
were 10-fold more sensitive to antibody neutralization than HIV pseudovirions (Table 1). This
observation might be related to the higher density of G-MPER on the replication-competent VSV
particles, which promotes binding of antibody quantities that sterically prevent infection (65), or
greater accessibility of the MPER on the VSV-G-MPER virion (Fig. 4C). Although these explanations
for VSV-G-MPER neutralization sensitivity seem reasonable, two other factors might be related to this
observation. First, a traditional plaque-reduction neutralization test was used to assess VSV
neutralization, whereas HIV pseudovirion infectivity is routinely measured with a highly sensitive
reporter system based on the TZM-bl cell line (64), and second, VSV G promotes fusion after receptor-
mediated endocytosis (66) whereas Env directs fusion at the cell surface (67).

The sequence grafting strategy made it possible to introduce MPER epitopes into the G-Stem
without significant loss of G functions (Figs.1E-G). In contrast, simply inserting the 2F5 epitope N-
terminal to the minimal G-stem domain (Fig. 1D) abolished the ability of G to mediate membrane
fusion (Fig. 3). Schlehuber et al. (63) also observed that G function was impaired if the 2F5 epitope
was inserted between the G-stem and the TM domains. The negative effect produced by inserting the
2F5 epitope either N- or C-terminal to the G-stem sequence might be due to addition of amino acids
without some compensatory deletion of G-stem residues, which generates a significant lengthening of
the membrane proximal domain. This explanation is consistent with our results showing that the
longest functional sequence graft (Gv-2F5-4E10-Sub) did cause some loss of G fusion function (Fig.
3). A longer membrane-proximal stem domain might alter association with the membrane, G
conformation, shielding of the domains active in membrane fusion, or the ability to undergo structural
transitions during receptor engagement and membrane fusion (22, 42, 68, 69).

Finally, although it was clear that the MPER grafts preserved G function and were quite stable
in recombinant viruses, we also observed the emergence of amino acid substitutions that likely resulted
from pressure to make the MPER function more like G stem. Extensive passage of VSV-Gn2F5-
4E10-Sub resulted in the E662G substitution in the MPER. Observing this amino acid substitution in

Gmn-2F5-4E10-Sub proved to be advantageous since it was necessary to introduce the E662G mutation
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to rescue VSV Gy;-2F5-4E10-Sub encoding the Gyj;-MPER. Further passage of VSV Gy;-2F5-4E10-
Sub(E662G) resulted in the relatively rapid emergence of an additional MPER substitution, L671P
(Fig. 1H). The structural or functional consequence of the E662G and the L671P mutations on MPER
placed in the context of the G-stem region is unknown, but is worth noting several points. First, an
E662A substitution is common in HIV Env, particularly in Clade C isolates (70). Possibly a smaller
amino acid like A or G is favorable at position 662 in some Envs as well as the G-2F5-4E10 chimera.
It is also notable that the 14-amino acid G-stem sequences in Gy and Gy; naturally contain both a G
and P residue (Fig. 1). Conceivably the mutations seen in Gnj-2F5-4E10 reflect a specific need for
these alpha helix-destabilizing amino acids (71) to be present in the G stem region for it to function

efficiently.

MATERIALS AND METHODS

Plasmid DNAs. Protein expression plasmids encoding VSV N, P, M, G and L (Indiana serotype;
Genbank EF197793) were prepared by optimizing the coding sequences for improved expression in
mammalian cells (Jurgens et al, in preparation), synthesizing the genes (Blue Heron Biotechnology),
and cloning the inserts under the control of the human CMV promoter and enhancer in pCI-Neo-AT7.
The pCI-Neo-AT7 expression vector is a derivative of pCI-Neo (Promega) in which the bacteriophage
T7 promoter was removed. An expression plasmid encoding bacteriophage T7 RNA polymerase was
prepared by inserting a synthesized copy of the bacteriophage gene into pCI-Neo-AT7.

A VSV genomic clone based on the Indiana serotype (Genbank EF197793) was constructed
from synthetic DNA fragments that were inserted into the pSP72 cloning vector (Promega)
downstream of the T7 RNA polymerase promoter (Jurgens et al, in preparation). The VSV genomic
cDNA was flanked by a hammerhead ribozyme sequence placed before the VSV leader and the
hepatitis delta virus ribozyme inserted after the VSV trailer sequence (72, 73) to catalyze cleavage of
the primary genomic RNA transcripts synthesized by T7 RNA polymerase in order to generate the
native 3’ and 5’ termini. The assembled VSV genomic clone also included modifications that
introduced unique restriction sites between each of the 5 VSV genes to facilitate subsequent
modification. In some VSV genomic clones the G gene from the Indiana Serotype (Gn) was replaced
with the corresponding gene from the New Jersey serotype (Gny, Genbank M21417.1)

To insert or substitute HIV gp41 MPER coding sequences into the VSV G stem region (Fig. 1),
the G nucleotide sequence was modified by conducting overlap PCR with primers containing MPER
nucleotide sequences. Amplified PCR fragments were inserted into the optimized G coding sequence

of the pCI-Neo-AT7-VSV G expression plasmid using unique Apal and Notl restriction sites. To make
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recombinant VSV containing chimeric G-MPER genes, the G gene from the VSV genomic clone was
modified using similar methods and was then transferred back into the genomic clone.

Plasmid pV1-GFP contains a GFP reporter gene controlled by a minimal HIV proviral genome
(74) and was provided by Drs. Theodora Hatziioannou and Paul Bieniasz (Aaron Diamond AIDS
Research Center, New York, NY). The GFP gene was replaced with a firefly luciferase reporter gene
to generate pV1-Luc. Drs. Barbara Felber and George Pavlakis (National Cancer Institute, Frederick,
MD) provided a Gag-Pol expression plasmid (162H) used to prepare pseudoviruses as described
below.

Antibodies. A rabbit polyclonal antiserum against the cytoplasmic tail (C-tail) of VSV G (Sigma
V-4888) was used for Western Blots. Dr. Daniel Pinschewer (University of Geneva, Switzerland)
kindly provided the VI-10 hybridoma, which produces a mouse monoclonal antibody specific for the
G~ ectodomain that neutralizes VSV (75). Anti-MPER human monoclonal antibodies 2F5 and 4E10
were obtained from Polymun (Vienna, Austria), and Dr. Michael Zwick (The Scripps Research
Institute, La Jolla, CA) provided Z13el. Anti-Rhodopsin antibody 1D4 was purchased from the
University of British Columbia, Vancouver, Canada. Alkaline phosphatase-conjugated AffiniPure
goat anti-rabbit IgG was from Jackson Immuno Research. Swine anti-rabbit secondary antibody was
from DakoCytomation, Denmark.

Cell culture, transient expression experiments, and pseudovirus reporters. 293T (76) and
VERO cells (77) were cultured at 37°C in 5% CO,. Both cell lines were grown in Dulbecco’s
Modified Eagle Medium (DMEM) containing high glucose and sodium pyruvate (Invitrogen) that was
supplemented with 100 U of penicillin/ml, 100 pg of streptomycin/ml, and 10% heat-inactivated fetal
bovine serum (FBS).

Transfections conducted to analyze transient expression of G or G-MPER proteins were
performed with 293T cell monolayers (about 75% confluent) in 6-well plates. Cells were transfected
with 1 pg pCI-Neo-AT7 encoding G or a G-MPER variant using Lipofectamine 2000 (Invitrogen) as
described in the manufacturer’s protocol. At 4-6 hrs post-transfection, cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS, pH 7.4 Invitrogen) before adding fresh DMEM
containing FBS. Cells were lysed 24 hrs post-transfection using PBS (pH 7.4, Invitrogen) containing
2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1x Complete® protease inhibitor cocktail (Roche). Cell
lysates were cleared by centrifugation at 13,000 rpm after which the supernatants were stored at -20°C.
For Western blot analysis, 10 ul of extract was added to 3.5 pul of denaturing lithium dodecyl sulfate
(LDS) sample loading buffer (Invitrogen) supplemented with 1.5 pl 1 M dithiothreitol (DTT).
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Samples were heated at 70°C for 10 min before SDS PAGE using Novex 4-12% Bis-Tris gels
(Invitrogen) and 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer. An iBlot dry blotting
device (Invitrogen) was used to transfer proteins to nitrocellulose membranes that were subsequently
incubated at room temperature for 45-60 min in PBS containing 0.1% Tween-20 (PBST) and 5% non-
fat powdered milk (PBST-Milk). Membranes were then incubated with primary antibody (1:1,000 for
2F5 or 4E10, 1:10,000 for others) in PBST-Milk for 45-60 min, followed by three 10-min washes with
PBST. Subsequently, the membranes were incubated with 1:10,000 secondary antibody (goat anti-
rabbit or goat anti-human IgG conjugated to horseradish peroxidase from ThermoFisher) diluted in
PBST-Milk for 30-45 min. After three 10-min washes in PBST, the membranes were incubated in
ECL Plus reagent (GE Healthcare) and chemiluminescence was detected with x-ray film (Kodak).

To analyze G and G-MPER trimers on the cell surface, chemical crosslinking was conducted
with intact transfected cells (78). 293T cell monolayers were transfected with pCI-Neo-AT7 vectors
encoding G or G-MPER proteins as described above, and at 24 hours post-transfection the cells were
incubated for 30 mins at room temperature in PBS (pH 7.4) containing 0, 200 or 500 uM 3,3"-
Dithiobis(sulfosuccinimidylpropionate) (DTSSP; Thermo Scientific). DTSSP is a cleavable,
membrane-impermeable crosslinker that reacts with primary amines. Treated cells were lysed with
PBS containing 2% CHAPS, 1 mM PMSF and Complete® protease inhibitor cocktail. The lysis buffer
was also supplemented with 50mM Tris (pH 7.4) to quench excess crosslinker. The cell lysates were
clarified by centrifugation and then subjected to SDS-PAGE as described above except that DDT was
omitted from the gel-loading buffer to prevent cleavage of the DTSSP disulfide bond between
crosslinked amino acids. Western Blot was performed as described above using the polyclonal
antibody specific for the VSV G C-tail.

For flow cytometry analysis, 293T cells were transfected as described above. At 24 hours post-
transfection, the cells were briefly trypsinized, collected by low-speed centrifugation, and washed with
PBS before being resuspended in flow-cytometry buffer (PBS containing 1% FBS, ImM EDTA, and
0.05% sodium azide) at 10" cells per ml. The cells were divided into aliquots and primary antibody or
a buffer control was added before room-temperature incubation for 20-30 min (final antibody
concentrations were: VI-10, 1 pg/ml; 2F5, 10 ug/ml; 4E10, 10 pg/ml). Subsequently, the cells were
washed in flow-cytometry buffer and the appropriate labeled secondary antibody was added (2.5 pg/ml
R-phycoerythrin goat anti-mouse IgG from Invitrogen or 1.25 pg/mL R-phycoerythrin goat anti-human
IgG from Southern Biotech) for 20-minute at room temperature. To control for nonspecific binding by
labeled antibodies, secondary-antibody-only samples were also prepared. Before conducting flow

cytometry, the cells were washed twice to remove secondary antibodies and then resuspended in flow-
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cytometry buffer. Analysis of the cells was performed with an LSR II flow cytometer (BD
Biosciences) and data was processed using the FlowJo 9.1 software (Tree Star, Inc).

In the cell-to-cell fusion assay (44), 293T cells were transfected with expression plasmids
encoding VSV G or G-MPER proteins. At 24 hours post-transfection, the cells were washed once with
PBS and then incubated with low pH fusion buffer (1.85 mM NaH,POy, 8.39 mM NaHPOy, 2.5 mM
NaCl, 10 mM HEPES, and 10 mM 2-[ N-morpholino]-ethanesulfonic acid [MES], pH of 5.2) for one
minute. Subsequently, the fusion medium was replaced by complete DMEM containing 5% FBS and
50mM HEPES (pH 7.4). One hour later, the one-minute treatment with low pH buffer was repeated
and the cells then were incubated in culture medium for 4-6 hours. Syncytia were photographed using
an Olympus IX51 microscope at 10X magnification.

To produce pseudotyped single-cycle lentivirus particles containing VSV glycoproteins, 293T
cells in 6-well plates were transfected with Lipofectamine 2000 (Life Technologies) as described
earlier using plasmid mixtures containing lug pV1-GFP or pV1-Luciferase, lug plasmid 162H (Gag-
Pol) and 0.25ug pCI-Neo-AT7 VSV G or pCI-Neo-AT7 G-MPER. The transfection mix was added to
cultures containing DMEM supplemented with 10% FBS and incubated for 4 to 6 hours at 37°C. The
monolayers then were washed with PBS, fresh DMEM containing 3% FBS was added, and incubation
was continued for 72 hours. Medium supernatant containing lentivirus particles was harvested and
passed through a 0.45um cellulose acetate membrane before Polybrene (American Bioanalytical) was
added to a final concentration of 4pug/ml. The concentration of Gag p24 in the lentivirus stocks was
determined using the Lenti-X™ p24 Rapid Titer Kit (Clontech).

To analyze the infectivity of pseudotyped lentivirus particles, 293T cells were infected for 4-6
hours at 37°C and 5% CO, after which the medium was replaced with fresh DMEM containing 10%
FBS, and incubation was continued at 37°C and 5% CO, for 72 hours. GFP fluorescence was observed
using an Olympus IX51 fluorescence microscope. To measure luciferase activity, cells were lysed
with the Reporter-Lysis Buffer provided with the Steady-Glo Luciferase Assay System (Promega)
according to the manufacturer’s instructions. Relative light units were measured using a Fluoroskan
Ascent FL luminometer (Thermo Scientific). Luciferase values were normalized relative to cell extract
protein concentrations, which were determined with the Bradford Assay (Thermo Scientific).

Recombinant VSV. VSV was rescued from DNA by co-electroporating 293T or Vero cells
with a viral genomic plasmid and a mixture of plasmid expression vectors encoding VSV N, P, M, G,
and L, and phage T7 RNA polymerase similarly to described before (79). Rescued viruses were
serially passaged 10 times and the genomic nucleotide sequence was determined. VSV stocks were

prepared by infecting Vero cells in complete DMEM containing 10% FBS at a multiplicity of infection
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(MOI) of 0.1 and allowing infection to proceed for 48 hours at 37°C in 5% CO,. Cell culture
supernatants were harvested and clarified by centrifugation and filtration through a 0.45 um membrane
before virus was concentrated and partially purified by sedimentation through a 10% sucrose cushion
(90 mins, 166,800 x g, 4°C, Sorvall Surespin 630). Virus pellets were resuspended in TE buffer (10
mM Tris-Cl pH 7.6, 1 mM EDTA) and then were centrifuged in a 35-55% sucrose gradient in a
Beckman SW41Ti rotor for 18 hours (100,000 x g, 4°C). Fractions were collected and analyzed by
SDS-PAGE and Coomassie Blue staining. Fractions containing viral proteins were pooled and virus
was pelleted by centrifugation for 90 mins (55,000 x g, 4°C, SW41Ti). The final pellet was
resuspended in TE buffer containing 5% sucrose and stored in aliquots at -80°C.

Infectious virus was quantified by plaque assay. Vero cell monolayers grown in 6-well plates
were infected with serial dilutions of VSV in DMEM containing 2% FBS. After incubating for one
hour (37°C and 5% CQO), the infection medium was removed and the cells were washed with PBS.
Subsequently, cells were overlaid with DMEM containing 2% FBS and 0.6% SeaKem LE agarose that
was allowed to solidify at room temperature before incubating (37°C and 5% CO,) cultures for 16 to
20 hours, when plaques were visible. Cells were fixed with 7% formaldehyde in PBS and stained with
crystal violet solution (Thermo Scientific) to visualize plaques for counting.

To evaluate the protein composition of VSV particles, virus was purified as described above and
the envelope was disrupted in PBS containing 4% CHAPS. SDS PAGE was conducted after
denaturing viral proteins by heating in LDS loading buffer containing DDT. Quantities of virus loaded
on the gel were normalized by total protein content determined with a Bradford assay. Gels were
stained using Coomassie Brilliant Blue and the relative intensity of the bands corresponding to the N
and G proteins was determined by densitometric analysis using the Chemidoc XRS imaging system
(Bio-Rad).

The kinetics of a single-round infection was determined by infecting 10° VERO cells at a
multiplicity of infection equal to 5. Cells were infected for 1 hour in DMEM containing 2% FBS
before the monolayers were washed with PBS and the medium was replaced with DMEM containing
10% FBS. Aliquots of medium supernatant were harvested at 2, 4, 6, 8, and 24 hours post-infection
and the viral titer was determined by plaque assay as described above.

Enzyme-linked immunosorbent assay (ELISA) was used to evaluate antibody binding to VSV
particles. Microtest 96-well plates (BD Biosciences) were coated overnight (4°C) with the VI-10
monoclonal antibody (1 pg/ml), which is specific for the VSV G ectodomain. The coated plates were
washed with ELISA wash buffer (PBS containing 0.01% Tween-20) before purified virus was added
(0.25pg total viral protein per well) and incubation was continued for 1 hour (37°C). The plates then
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were washed with ELISA wash buffer followed by a 45-min incubation with ELISA blocking buffer
(PBS supplemented with 3% non-fat powdered milk and 0.01% Tween-20). Serial dilutions (1:3) of
primary antibody (2F5 or 4E10) were prepared in ELISA blocking buffer from 30 pg per ml down to
0.0003 pg per ml after which the antibody solutions were added to wells containing virus particles
attached to VI-10. The plates were incubated for 1 hour at 37°C before being washed three times with
ELISA wash buffer. Secondary antibody (goat anti-human IgG conjugated to horseradish peroxidase
(HRP), Jackson ImmunoResearch) diluted 1:10,000 in ELISA blocking buffer was added and the
plates were incubated at room temperature for 45-60 min. The plates were washed three times with
ELISA wash buffer and incubated with the 1-Step Ultra TMB (3,3°-5,5’-tetramethylbenzidine) ELISA
substrate (ThermoFisher) for 10min. The reaction was stopped by adding equivalent volume of 2N
sulfuric acid, and the optical density was determined at 450nm using a VERSAmax reader (Molecular
Devices).

Antibody neutralization of VSV was evaluated using a plaque reduction assay. 2,000 plaque-
forming units (PFU) of VSV were incubated at 37°C for 1hr in PBS containing monoclonal antibodies
VI-10, 2F5, 4E10, or Z13el at concentrations ranging from 0.00016 to 12.5 ug/ml. Subsequently,
Vero cell monolayers were infected with the virus-antibody mixtures for 1 hour (37°C and 5% CO,).
The inoculum was removed and the cells were washed with PBS before DMEM containing containing
0.6% agarose and 2% serum was applied as described above. A control sample without antibody was
included in all experiments. The percentage of neutralization was calculated by the formula: [1 —
(number of plaques formed with antibody / number of plaques formed without antibody)] x100.
Neutralization data was analyzed using GraphPad Prism (Version 4.0) software (GraphPad Software,
Inc). The antibody concentration that inhibited plaque formation by 50% (inhibitory concentration 50
or ICsp) was calculated using the sigmoid dose-response model with a variable slope.

Rabbit immunogenicity study. Live VSV encoding G-MPER chimeras were administered to
New Zealand White female rabbits (4 animals/group) by intramuscular injection of 1x10” PFUs at
weeks 0, 6, 12, and 18. Vectors encoding the Giv-MPER were administered at weeks 0 and 6 and G-
MPER boost was given at weeks 12 and 18. Sera were collected at weeks 0, 2, 6, 8, 12, 14, 18, 21.
The study was conducted at Covance, Inc. (Denver, Pennsylvania) following a protocol approved by
their Institutional Animal Care and Use Committee.

MPER-specific IgG in sera was quantified by ELISA. ELISA plates were coated with PBS
containing 5pg/mL of 1D4, a mouse monoclonal antibody specific for a rhodopsin epitope tag
(TETSQVAPA). After coating overnight at 4°C, the plates were washed twice and then blocked by a 1
h incubation with with PBST-BSA. Soluble MPER peptide
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(NEQELLELDKWASLWNWENITNWLWYIK7ETSQVAPA: MPER sequence is underlined and the

rhodopsin tag is italicized) at 0.5pg/mL in PBST was added for 1hour. Plates were washed 3 times
before incubating (1 h) with heat-inactivated immunized rabbit sera diluted in PBST. The diluted
serum was removed and the plates were washed with PBST-BSA before a dilute solution (1:500) of
alkaline phosphatase-conjugated AffiniPure goat anti-rabbit IgG was added and incubated for 1hour.
Plates were then washed 3 times with PBST and twice with distilled water. Alkaline phosphatase
substrate (Sigma-Aldrich) was added and plates were analyzed 30 min later by measuring light
absorbance at 405nm. The ELISAs were performed in duplicate. All of the incubation and washing
steps were performed at room temperature except when coating the plates with capture antibody.
Peptide arrays consisting of 10 mers or 15 mers with single amino acid overlaps were synthesized
across the full-length sequence of VSV-Gn. Similarly, single amino acid overlapping 10-mer and 15-
mer peptides were synthesized across the MPER-G-Stem grafts corresponding to construct VSV-G-
2F5 (LFFGDTGLSKNPIELLELDKWASLWNWFSSWKSSIASFFFI), construct VSV-G-4E10
(GDTGLSKNPIEFVEGWFDITNWLW YIKSSIASFFFIIGLIIG) or VSV-G2F5-4E10
(LFFGDTGLSKNPIELLELDKWASLWNWFNITNWLW YIKSSIASFFFIIGLIIG). Rabbit antibody
binding to peptides was detected with an ELISA-like system (80) using peroxidase-conjugated swine

anti-rabbit secondary antibody.
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FIGURE LEGENDS

Fig. 1. Insertion and substitution of HIV gp41 MPER sequences into the stem region of VSV G.
Amino acid sequence included in A shows the N-terminal part of the MPER sequence from HIV-1 Env
gp41 (JR-FL strain, Accession AAB05604) followed by the first residues of the transmembrane (TM)
segment. The residues are numbered based on HIV Env from the reference strain HXB2 (70). The
epitopes of the 2F5 and 4E10 antibodies are shown as shaded boxes, and the epitope of the Z13el
antibody is underlined. B and C show the analogous region of VSV G Indiana serotype and New
Jersey serotype including the G-Stem domain. D-H illustrate how MPER sequences were incorporated
into VSV G. The names of the glycoproteins are provided at the left side of each line of sequence.
Added linker residues are underlined. G shows the adaptive mutation from a glutamate (E) to a glycine
(G) at position 662. For H, E662G was included to enable virus rescue, and a second adaptive mutation

(L679P) emerged. For details see text.

Fig. 2. Transient expression of G-MPER glycoproteins. 293T cells were transfected with expression
plasmids encoding Gy or Giv-MPER proteins illustrated in Fig. 1. In Panel A, SDS-PAGE and
Western Blotting were used to analyze proteins in transfected cell lysates. Antibodies used for
detection were a rabbit polyclonal antiserum specific for the cytoplasmic tail of VSV G or monoclonal
antibodies 2F5 or 4E10. Panel B shows flow cytometry data that confirms cell surface expression of G-
MPER proteins. Transfected 293T cell expressing G or G-MPER proteins (Fig. 1) were incubated with
the monoclonal antibodies VI-10 (against the Gy ectodomain), 2F5 or 4E10. Subsequently, the cells
were incubated with a phycoerythrin (PE) labeled secondary antibody, washed and analyzed by flow
cytometry. Baseline fluorescence was determined using cells incubated only with PE labeled
secondary antibody. Panel C shows Western blot analysis conducted using extracts prepared from cell
monolayers after chemically crosslinking proteins on the cell surface. Cell lysates were prepared from
transfected cells that were treated with increasing concentrations of the crosslinker DTSSP. SDS-
PAGE under non-reducing conditions and Western blotting using antibody specific for the Gy
cytoplasmic tail was performed to detect protein complexes. Migration of monomeric G (1x) and

cross-linked higher order oligomers (2x, dimer; 3x, trimer) are labeled at the left side.

Fig. 3. Analysis of G-MPER function. In Panel A, transfected 293T cells expressing Gy or Gn-
MPER proteins were treated briefly with low pH buffer 24 hours post-transfection to trigger VSV G-

mediated plasma membrane fusion. After additional incubation for 4-6 hours, syncytia were

Page 26 of 28



O 00 N o uu B~ W N R

Ww W W W N N N N N N NN N NN R P P R R R R R R
w N B O VU 00 N O 1 A W N P O O 0O N O U B W N —» O

photographed using a light microscope. The enlargement included in the G-2F5-4E10-Sub picture was
included to show a small syncytium, which was observed at low frequency. Panel B illustrates the
infectivity of reporter pseudoviruses bearing G or Giyv-MPER. Single-cycle lentivirus particles
encoding GFP pseudotyped with G or G-MPER proteins were used to infect 293T cell monolayers.
GFP was detected approximately 72 hours post-infection. Values at the bottom left of each picture
indicate percentages of infection measured by luciferase reporter lentiviruses pseudotyped with G or

G-MPER proteins.

Fig. 4. Characterization of VSV-Gn-MPER vectors. In Panel A, VERO cells were infected with
unmodified recombinant VSV or virus encoding a Giv-MPER construct. Cells were infected with 5
PFU per cell, and samples were harvested from the medium supernatant over a 24-hour period.
Infectious progeny was quantified by plaque assay and average values from 3 experiments are shown
in the graph. For VSV Gn-2F5-4E10-Sub, the variants with and without the E662G adaptive mutation
(passages 1 and 10, respectively) are included. Panel B summarizes analysis of G protein quantity in
VSV particles. Purified VSV was denatured and analyzed by SDS-PAGE and Coomassie Brilliant
Blue staining. Stained bands were quantified by densitometric analysis to compare the abundance of G
or G-MPER protein relative to the nucleoprotein (N). The G:N ratios are shown in the bar graph.
Panels C and D show antibody binding to purified VSV particles containing G-MPER glycoproteins.
ELISA plates were coated with antibody specific for G (VI-10) to capture VSV particles after which
the plates were washed and then incubated with 2F5 (Panel C) or 4E10 (Panel D). 2F5 or 4E10
binding was analyzed over concentrations ranging from 0.0001 to 12.5 pg/ml. Peroxidase-labeled

secondary antibody was used for detection. OD4so; optical density at 450 nm.

Fig. 5. Antibody neutralization of VSV G-MPER. Recombinant VSV (2000 PFU) expressing G or G-
MPERs were incubated at 37°C for lhour with increasing concentrations of VI-10 (A), 2F5 (B, E),
4E10 (C, F) or Z13e1 (D) before infecting VERO cell monolayers. A plaque reduction assay was used
to determine the extent of neutralization at each antibody concentration. In the graphs included in
Panel A, recombinant VSV Indiana and VSV Gny-MPER variants were included. In Panels E and F,
the rVSV Gynj;-MPERs are shown.

Fig. 6. Epitope mapping using serum from a rabbit immunized with G-MPER. In panels A and B, the
bar graphs summarize data from peptide array analysis conducted with serum from rabbit V46, which

was immunized with Gn-2F5-Sub followed by Gnj-2F5-Sub. Antibody binding fine specificity was
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evaluated using overlapping linear peptide arrays of 10mers (panel A) or 15mers (panel B) overlapping
by 9 or 14 amino acids, respectively. Values on the Y axis are Pepscan binding values ranging from 0

to 3000, similar to an optical density value in a classical ELISA. The relevant amino acid sequence of
Gmn-2F5 is shown in Panel B. The 2F5 epitope is highlighted in gray and the core binding site

recognized by the serum antibodies is shown in a larger font.
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1C50 (ng/ml) 2F5 | 4E10

rVSV G-2F5-Sub 0.032 n/a

rVSV G-4E10-Sub n/a | 0.128

rVSV G-2F5-4E10-Sub | 0.029 | 0.018

HIV Clade A 570 | 6.20
HIV Clade B 241 | 5.22
HIV Clade C 3151 297
HIV Clade D 3.17 | 4.60

Table 1. ICs, values for neutralization. The antibody concentrations at which 50% of
virus was neutralized were derived by curve fitting with GraphPad Prism (Version 4.0)
software using the sigmoid dose-response model with a variable slope. Published average

ICsg values for HIV pseudovirions from clades A-D are shown for comparison (49).
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Vaccination with VSV VSVin VSVin VSV VSV

Vector v v Vv v

Week 0 2 6 8 12 14 18 21

MPER Graft | Animal ELISA Titers
V39 - - - - - - R -

G-2F5-Sub V18 - - - - - - - -
V46 - - - - 100 400 100 100
V1l - 100 - 100 - - - -
V48 - - - - - - - -

G-4E10-Sub | V21 - - - - - - - -
V35 - - - - - - R -
V13 - - - - - - R -
V37 - - - - - 100 100 100

G-2F5-4E10 | V7 - - - - - - - -
V10 - - - - - - - -
V22 - - - - - 100 - -

Table 2. Immunogenicity of VSV-G-MPER vectors. Rabbits (4 animals/group) were

vaccinated with VSV-G-MPER vectors (10’ PFU/dose) by intramuscular route at weeks

0, 6, 12 and 18 as illustrated in the table header. At times 0 and 6 weeks, the vector was

based on Gin. At weeks 12 and 18, booster vaccination was conducted with vectors

based on Gyj. Sera were collected at weeks 0 through 21 and ELISA was performed

using plates coated with an MPER peptide containing an C-terminal rhodopsin epitope

tag. Endpoint titers (serum dilution factor) are indicated at which the optical density

reading (ODa4os) was greater than 0.2. A dash denotes an OD <0.2 at 1:100 serum

dilution.







