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Abstract
Identifying a Mutant Respiratory Syncytial Virus G Immunogen as a Vaccine
Candidate
Ana Maria Nuiiez Castrejon

Respiratory syncytial virus (RSV) is the top cause of severe lower respiratory
disease in infants and children and causes over 100,000 deaths in children worldwide
each year. RSV is also a leading cause of respiratory disease in immunocompromised
and elderly populations. However, no FDA approved vaccine exists to protect against
RSV infection. RSV contains two immunogenic proteins on its envelope, RSV F and
RSV G, that have been the targets of vaccine developmental strategies. Most current
efforts to create a vaccine against RSV focus on RSV F, and several candidates are in
phase III clinical trials. The only current prophylaxis available for RSV is a
monoclonal antibody against RSV F, yet it does not prevent infection. RSV G as a
vaccine immunogen is linked to vaccine enhanced disease and is poorly
immunogenic, however anti-RSV G antibodies have been shown to be protective in
animal models of RSV disease and correlate with protection in humans. In this thesis,
I present the history of an inactivated RSV vaccine that caused vaccine enhanced
disease in children, a summary of studies using RSV G as a vaccine antigen, and an
overview of the RSV G vaccine antigens currently in clinical trials. I present data
showing that the structure-based design of an RSV G immunogen with a mutation in
the central conserved domain is a promising vaccine candidate. Finally, I present

studies to investigate RSV G binding and activation of the human chemokine receptor

Xi



CX3CRI1 on mammalian cells. Overall, these studies provide a foundation for the
further development of the RSV G immunogen as a vaccine candidate to protect

against RSV disease.
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Chapter 1:

Development of an RSV vaccine targeting the RSV G antigen: history and

current views

1.1 Introduction

Respiratory syncytial virus (RSV) is the leading cause of severe lower
respiratory tract disease in children under two years of age and is also a major
contributor of respiratory disease in elderly and immunocompromised individuals (1,
2). There are between 57,500 to 100,000 hospitalizations of children under five years
of age and about 11,000 deaths of elderly individuals due to RSV infection in the US
annually (3-5). Worldwide, RSV causes over 100,000 deaths in children under 5 each
year, mostly in lower-income countries (4).

RSV is an enveloped RNA virus in the pneumoviridae family. RSV contains a
negative-sense single-stranded RNA genome that encodes 11 proteins (6). The
surface of the RSV virion is studded with two major immunogenic envelope
glycoproteins, RSV F and RSV G, which are targets of neutralizing antibodies (7, 8).

The RSV F fusion glycoprotein is used to fuse viral and host cell membranes
(9). RSV F is conserved, highly immunogenic, and required for infectivity, thus has
been the target of most vaccine developmental strategies (9—12). The monoclonal
antibody palivizumab (Synagis) targets the F protein and is the only current

prophylaxis available to reduce hospitalizations due to RSV (13—15). Palivizumab is



administered only to at-risk patients, who include premature infants and infants with
chronic lung disease or congenital heart disease (13). This antibody must be injected
once a month throughout the RSV season, and the cost of treatment with palivizumab
can range from $1,500 to $4,300 per dose (13). Motavizumab is a higher-affinity
monoclonal antibody derived from palivizumab, however it was not FDA approved
because it did not provide better protection than palivizumab against RSV infection
(16). Additionally, motavizumab resulted in hypersensitivity in clinical trials (16, 17).

In addition to RSV F fusion glycoprotein, RSV utilizes the RSV G
glycoprotein to attach to respiratory epithelial cells and certain immune cells. RSV
G’s overall sequence is highly variable and contains abundant glycosylation
modifications in its two mucin-like regions which contribute to RSV G’s variability
(9). Despite RSV G’s central role in RSV infection, it has been overlooked as a
potential vaccine target due to its sequence variability, poor immunogenicity, and
safety concerns described in the next section. However, RSV G contains a highly
conserved unglycosylated region called the central conserved domain (CCD) (18).
Several lines of evidence support that the RSV G’s CCD, which contains a CX3C
motif, binds to the human chemokine receptor, CX3CR1, on respiratory epithelial
cells to promote virus infection and dampen the host anti-viral response (19-22).
Additionally, a secreted, soluble form of RSV G binds to CX3CR1+ immune cells
and interferes with the activities of the natural ligand of CX3CR1, CX3CL1 or

fractalkine (23-26).



However, broadly neutralizing monoclonal antibodies against RSV G’s CCD,
such as the antibodies 3D3 and 3G12, reduce viral loads and symptoms of disease
more extensively than palivizumab in vivo (discussed further in section 1.4) (27-29).
Furthermore, higher anti-RSV G antibody levels correlated with less severe disease in
children and infants upon RSV infection (30).

While RSV vaccine strategies have historically focused on the RSV F antigen,
many studies reveal the importance of the RSV G antigen in generating protective
immunity. Here, we review the history of RSV G-containing vaccines and highlight
recent studies supporting RSV G as an essential RSV vaccine antigen.

1.2 Formalin-inactivated RSV vaccine

The first RSV vaccine candidate, formalin inactivated RSV (FI-RSV), lead to
vaccine enhanced disease (VED) in immunized subjects. Eighty percent of FI-RSV
immunized children were hospitalized after natural infection with RSV (31, 32). Two
deaths occurred as a result of FI-RSV immunization due to VED (32, 33). The
original autopsy described excess eosinophil infiltration into the lungs, making
eosinophilia a key endpoint for VED in subsequent studies in animal models (32).
However, rereview of autopsy reports revealed neutrophilia. More recent studies
suggest that eosinophils do not have a role in VED, and instead Th2-biased
cytokine/chemokine responses to infection, and the induction of non-neutralizing
antibodies, are better markers of VED (34-38). This evolving view on the
mechanisms of VED should be kept in mind when reviewing previous literature on

vaccine studies with RSV G immunogens.



Studies have shown that immunizing animal models with RSV G prior to RSV
challenge leads to some features of vaccine enhanced disease, resulting in a long-
lasting impression that RSV G is an unsafe vaccine immunogen (39—41). One study
investigated the different immune responses of mice immunized with vaccinia virus
(vv) expressing WT RSV G (vwWTG), membrane-anchored only RSV G (vvM48]I),
or secreted only RSV G (vvM48) (42). This study found that mice immunized with
vvM48 had more severe disease, higher lung viral loads, and the highest
concentration of eosinophils in the lungs compared to mice immunized with vvWTG
or vvMA48I after RSV challenge. Mice immunized with vvM48 and vvM48I co-
administered with purified secreted RSV G and challenged with RSV had the highest
levels of the Th2 cytokine IL-5. Antibody titers were highest in mice immunized with
vv containing membrane-anchored RSV G (42). This study shows that RSV G can
induce eosinophilia and a Th2-biased response that leads to more severe disease upon
RSV infection.

A separate study suggested that the VED associated with FI-RSV
immunization was due to RSV G, specifically the CX3C motif within RSV G (26).
Mice immunized with formalin inactivated RSV A2 and administered with an anti-
CX3CRI antibody challenged with RSV did not develop eosinophilia. Additionally,
mice immunized with an RSV strain with a point mutation at amino acid 186
(Cysteine to Arginine) within the CX3C motif that was formalin inactivated and
challenged with that same strain also did not develop eosinophilia, which suggests

that the CX3C motif of RSV G promotes eosinophilia upon RSV infection (26).



To further investigate the mechanism of vaccine enhanced disease due to FI-
RSV immunization, additional studies have been carried out using BALB/c mice and
cotton rats. While mice immunized (primed) with FI-RSV or vvGs and challenged
with RSV both lead to VED with lung eosinophilia, differences in Th2 cytokines such
as [L-4 (differentiates T cells into Th2 T cells), IL-5 (activates eosinophils), IL-13
(can lead to the overproduction of mucin), and eotaxin (eosinophil recruitment),
suggest the mechanism of VED is different (34, 35, 43). Priming with FI-RSV that
leads to VED is dependent on IL-4 and lung eosinophilia is reduced in IL-4 depleted
mice immunized with FI-RSV, however IL-4 depleted mice primed with vaccinia
virus expressing the secreted form of RSV G (vvGs) had similar eosinophil
recruitment into the lungs as control mice immunized with vvGs, which suggests that
eosinophilia induced by RSV G is IL-4 independent (34).

Notably, one study showed that eosinophil deficient mice immunized with FI-
RSV and challenged with RSV had similar lung viral loads, histopathology scores,
and airway function as wild-type mice, which suggests that eosinophil infiltration into
the lungs is not the cause of VED (36). This study also showed that STAT6 (a
transcription factor needed to differentiate CD4 T cells into Th2 cells) deficient mice
immunized with FI-RSV and challenged with RSV had overall lower levels of the
Th2 cytokines IL-4 and IL-13 in the lungs, less eosinophil infiltration into the lungs,
less airway hyperreactivity, mucus hypersecretion, and lower histopathology scores
compared to wild-type mice, which demonstrates that CD4 T cells play a role in VED

(36).



A separate study used various forms of formalin inactivated recombinant RSV
to immunize mice: wild-type RSV, RSV without RSV G, RSV without the heparin-
binding domain of RSV G, or RSV without the SH envelope protein (35). This study
showed that mice immunized with any of these versions of FI-RSV and challenged
with RSV all led to weight loss, eosinophilia, similar histopathology scores, the
induction of Th2 cytokines, and that mice immunized with mutant FI-RSV had higher
lung viral loads four days after RSV challenge (35). These data suggest that vaccine
enhanced disease still develops in mice immunized with FI-RSV even in the absence
of RSV G.

Furthermore, immunizing mice with FI-RSV or with recombinant vaccinia
virus expressing secreted RSV G (vvGs) predisposes naive mice to enhanced disease
in the form of eosinophil infiltration into the lungs and excessive Th2 cytokine and
chemokine production (43). This study demonstrated that the CD4+ T cells that are
stimulated by RSV G are predominately V14+ in T cell receptor (TCR), and that
depleting VB14+ T cells lead to less severe disease in immunized mice (43). To
determine whether vaccine enhanced disease caused by FI-RSV and RSV G is caused
by the same mechanism, mice were immunized with vaccinia virus expressing
secreted RSV G (vvGs) or FI-RSV and VB14+ T cells were depleted by treatment
with an antibody against V314 and challenged with RSV (43). VB14+ T cells were
found to play a role in recruiting eosinophils to the lungs of mice immunized with

vaccinia virus expressing secreted RSV G but not when they are immunized with FI-



RSV. Additionally, VB14+ T cells play a role in producing Th2 biased cytokines and
chemokines in mice immunized with vvGs but not FI-RSV (43).

Overall, these results suggest that although immunization with FI-RSV and
RSV G result in similar pathologies, the mechanism by which vaccine enhanced
disease occurs is different and is still under investigation. Nevertheless, the vaccine-
enhanced disease pathologies observed after immunization with vvGs or recombinant
RSV G protein (described below) illuminated safety concerns about the RSV G
antigen and supported the development of new strategies to reduce known markers of

VED in pre-clinical animal models of RSV infection and disease.

1.3 Factors to consider in the development of an RSV vaccine
One factor to consider in RSV vaccine development is that there are multiple

target populations including pregnant individuals, RSV-naive infants, RSV-exposed
children, and elderly individuals, and different populations may benefit from different
vaccines. It should be noted that vaccine enhanced disease only occurred in RSV-
naive children that were vaccinated with FI-RSV and not in RSV-exposed children
(31, 44). Thus, animals models that are used to study vaccine enhanced disease
should be naive to RSV infection prior to vaccination (31). FI-RSV mediated VED
has now been modeled in RSV-naive mice, cotton rats, and nonhuman primates.
1.4 Anti-RSV G antibody as a prophylaxis or treatment

An approach to develop an RSV vaccine involves using anti-RSV G antibodies

prophylactically or as treatment after RSV infection.



The anti-RSV G antibody, CB017.5, has been shown to reduce inflammation and
viral loads in a cotton rat prophylactic and treatment model (45).

Human anti-RSV G antibodies 3G12 and 3D3 have been shown to reduce
pulmonary inflammation, lung airway resistance (28) and lung viral loads in a mouse
prophylactic and treatment model (27, 28). Human anti-RSV G antibody 2B11 and
3D3 have also been shown to reduce lung viral loads, BAL cell influx, and
histopathology scores in a mouse prophylactic and treatment model (29).

An additional anti-RSV G antibody that was explored for its ability to protect
against RSV disease is the mouse anti-RSV G 131-2G. 131-2G was used to immunize
naive mice and mice immunized with FI-RSV to determine whether it could decrease
pulmonary inflammation (46). Mice immunized with 131-2G had a reduction of cell
infiltration in their bronchoalveolar lavage fluid, decreased levels of IFN-y, and
inhibited virus replication in the lungs (46). Mice immunized with FI-RSV and then
treated with 131-2G had decreased weight loss and pulmonary cell infiltration
compared to FI-RSV immunized mice and treated with an antibody Ig control (46).
These results suggest that 131-2G decreased FI-RSV induced pulmonary
inflammation and weight loss. A few other studies have shown that 131-2G can
reduce lung viral loads, mouse weight loss, and pulmonary inflammation (47-53).

These studies show that anti-RSV G antibodies are protective in animal
models as a prophylaxis and treatment after RSV challenge. No anti-RSV G antibody
has been tested in clinical trials. Currently, the only prophylaxis available to protect

against RSV is palivizumab an anti-RSV F antibody. Another anti-RSV F antibody,



nirsevimab, has recently finished phase III clinical trials and was shown to have an
efficacy of 74.5% against medically attended RSV infection, and a 62% efficacy
against hospitalization for RSV infection (54).

1.5 Live RSV vaccines

Live attenuated RSV vaccines have been prioritized for vaccines tested in
infants due to the adverse effects and deaths that resulted from the FI-RSV vaccine of
the 1960s. A previous study used two RSV strains (RSV A2 and r19F) with a mutated
CX3C motif to immunize mice to determine the efficacy and immunogenicity of a
live RSV vaccine because a limitation of live attenuated vaccines is a balance
between attenuation and immunogenicity (11, 55). Immunizing mice with RSV
strains containing a mutated CX3C motif did not lead to enhanced disease and
elicited protective antibodies suggesting that disrupting RSV G’s interaction with
CX3CRI1 can be protective in mice (55).

An additional study used recombinant live attenuated influenza vaccine
(LAIV) as the vaccine platform for RSV G aa 131-230 fused to hemagglutinin
(LAIV-GI1 or LAIV-G2) to immunize BALB/c mice (56). Mice immunized with
LAIV-G1 or LAIV-G2 elicited the highest Th1 antibody IgG2a before RSV challenge
compared to all other groups. These mice also elicited the highest IgG and IgA
antibody titers, lower lung viral loads, and lower histopathology scores after RSV

challenge (56).



1.6 Nucleic acid vaccines

Another strategy to develop an effective RSV vaccine involves immunizing with
plasmid DNA or mRNA encoding RSV antigens. One such study used a bacterial
host to deliver a DNA vaccine to induce a specific immune response. C57BL/6J mice
were immunized with either a DNA vaccine of truncated RSV G, consisting of the
central conserved region amino acids 130 to 230 with the CTL epitope of RSV M
replacing the CX3C motif and a histidine tag, by orally infecting the mice with
Salmonella Typhimurium containing the plasmid or by an intramuscular injection of
purified truncated G produced in Escherichia coli (57). Both vaccines induced anti-G
antibodies and also reduced expression of pro-inflammatory cytokines in the lung and
trachea along with histamine concentration and immune cell infiltration into the lungs
(57). These results suggest that a DNA vaccine delivered through Salmonella can
reduce RSV induced pathology in C57BL/6J mice. To our knowledge, no mRNA
vaccines encoding RSV G have been evaluated, however recently an mRNA vaccine
encoding RSV F has entered phase 111 clinical trials (Moderna).
1.7 Virus-like particles vaccines

One RSV vaccine developmental strategy involves using virus-like particles

(VLPs), which are similar to live viruses in that the antigens are presented on the
surface of a lipid membrane particle, however VLPs do not contain a genome and
thus cannot replicate (58). Strategies have involved using RSV F VLPs, RSV G
VLPs, or a combination of RSV F and G VLPs to elicit protective immunity against

RSV infection. One study used the RSV G sequence alone or RSV G fused to a
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partial repeat, RSV G central conserved region amino acids 150 to 260, that contains
known T and B cell epitopes (58). Both RSV G VLP-immunized mice had an
increased population of memory B cells compared to mice that were mock
immunized. Eosinophil infiltration, mucin production, and lung viral loads were
decreased in VLP-immunized mice compared to FI-RSV immunized mice (58) which
suggests that RSV G VLPs are protective in mice. However, a separate study found
that mice immunized with VLPs expressing RSV F or RSV G or immunized with
both VLPs had similar lung viral loads compared to mice immunized with FI-RSV
(59). Additionally, mice immunized with VLP F or both VLPs elicited higher IgG
titers compared to all other groups. Mice immunized with both VLPs also had the
highest levels of the Th1 cytokines, [IFNy and IL-2, and mice immunized with FI-
RSV had the lowest levels. Furthermore, mice immunized with FI-RSV or VLP G
had the highest eosinophil infiltration into the lungs and the highest mucus production
compared to all other groups (59). The differences observed in these two studies (Kim
et al., and Lee et al.,) could be explained by the route of immunization. Kim et al.,
immunized mice intranasally and Lee et al., immunized mice intramuscularly which
can lead to different immune responses. The studies also used different strains of
RSV A2 to challenge immunized mice which can also lead to different responses
because BALB/c mice are not as permissive to RSV infection compared to other
animal models.

Furthermore, one study used two platforms of VLPs: RSV M + P or M + M2-1

expressing RSV F and G, RSV F and a G peptide, or truncated RSV F with full length
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G. These VLPs were used to immunize BALB/c mice (60). Mice immunized with M
+ P VLPs expressing RSV F and G or RSV F and a G peptide (MFGpP) and
challenged with RSV elicited the highest neutralizing antibody titers compared to all
other groups. Additionally, mice immunized with MFGpP and challenged with RSV
had lower lung viral titers and lower histopathology scores compared to all other
groups (60).

Additional studies involve using VLPs containing RSV G and pre-fusion F
protein or post-fusion F protein (61). Pregnant cotton rats were immunized with VLPs
to determine whether their pups would be protected against RSV (61). Pups born from
mothers infected or not with RSV before VLP vaccination had higher levels of
maternal antibodies against RSV compared to pups that were born to mothers that
were mock immunized (61). Pups born to mothers that were immunized with VLPs,
had decreased viral loads compared to mock vaccinated after RSV challenge (61).
Lung pathology, IL-6, and IFN-y production were also decreased in pups born to
mothers that were VLP immunized indicating immunizing pregnant cotton rats can
induce a protective response in RSV challenged pups (61).

A study testing the efficacy and immunogenicity of a VLP containing RSV F
and RSV G demonstrated that the VLP elicited RSV F specific IgG antibodies and
virus neutralizing antibodies in immunized rats (62). Additionally, this RSV FG VLP
did not lead to enhanced disease and decreased lung viral loads after RSV challenge

(62).
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These studies suggest that VLPs containing both immunogenic proteins can be
protective in mice and cotton rats. Most of these studies showed that VLPs containing
both RSV F and RSV G led to neutralizing antibodies, decreased lung viral loads, and
decreased pathology scores in mice and cotton rats. However, Kim et al., and Lee et
al., provide contradicting evidence on whether VLPs expressing RSV G alone are
protective in mice. Additionally, VLPs expressing both RSV F and RSV G elicited
antibodies mostly against RSV F in rats.

1.8 Virus vector vaccines

Virus vectors containing RSV F or RSV G have been included in the
developmental strategies for an effective RSV vaccine with varying degrees of
success. Animal models vaccinated with vaccinia virus expressing RSV G have been
shown to develop vaccine enhanced disease upon RSV infection (34, 42).

Parainfluenza virus 5 (PIV5) that does not cause human disease has been
explored as a vector carrying RSV F (PIV5/F) or RSV G (PIV5/G) (63). Both vaccine
candidates were found to elicit protein specific antibodies in cotton rats and to protect
against RSV infection (63). In African green monkeys, PIV5/F and PIV5/G provided
protection against RSV infection and elicited serum and mucosal antibodies (63).
Furthermore, a chimeric bovine/ human parainfluenza virus type 3 (rB/HPIV3)
expressing wild-type G (WT G), membrane bound G (mG), secreted G (sG), or G
without a CX3C motif was used to immunize hamsters. Hamsters immunized with
rB/HPIV3 expressing WT G or mG elicited higher levels of RSV A2 neutralizing

antibodies in the presence of complement compared to hamsters immunized with
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rB/HPIV3 expressing sG or G without CX3C. Additionally, lower lung viral loads
were detected in hamsters immunized with rB/HPIV3 expressing WT G or mG, and
the antibodies elicited from hamsters immunized with rB/HPIV3 expressing WT G
blocked RSV attachment to human airway epithelial cells (64). These studies show
that parainfluenza as a vaccine vector for RSV G can be protective in several RSV
disease models.

Recombinant vesicular stomatitis virus (rVSV) is another virus vector that
has been explored to develop an RSV vaccine. Cotton rats that were intranasally
immunized with a combination of rVSV expressing RSV G or RSV F and challenged
with RSV had reduced lung viral titers with an immunization dose as low as 103 pfu
and had reduced viral loads in the upper respiratory tract with immunization doses
from 10°-107 pfu (65). A separate study using rVSV co-expressed RSV F and RSV G
(rVSV-G-2A-F). Cotton rats immunized with rVSV-G-2A-F and challenged with
RSV had reduced lung viral loads in the lungs and nose and elicited high neutralizing
antibody titers thorough intranasal and subcutaneous immunizations (66).

Measles AIK-C vector (MVAIK) has been used to develop an RSV vaccine.
Cotton rats immunized with a chimeric measles virus expressing the ectodomains of
RSV F and RSV G (MV/RSV) elicited neutralizing antibodies when immunized
intramuscularly (i.m.) compared to intranasal (i.n.) immunization (67). MV/RSV i.m.
immunized cotton rats challenged with RSV had lower lung viral titers and

histopathology scores compared to all other groups and to i.n. immunization (67).
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All these studies show that various virus vector vaccines are being explored to
create an RSV vaccine, and that the immunization route of such vaccine is important
to consider to induce an appropriate immune response. Markers to consider for using
virus vectors are safety- ensuring that the vector will not undergo recombination with
the host genome, cytotoxicity, and pre-existing immunity to the viral vector (68).

1.9 Nanoparticle vaccines

Nanoparticle vaccines such as the layer-by-layer nanoparticle (LbL-NP)
vaccine containing RSV G’s CX3C motif is an additional strategy being explored
(69). This particular study also investigated the immunogenicity and efficacy of
nanoparticle vaccines containing a mutated CX3C motif (i.e. CX2C, CX4C, and
CX5C). Sera of mice immunized with the LbL-NP containing the CX3C inhibited
RSV G’s interaction with CX3CR1 more efficiently than did any of the LbL-NPs
containing a mutated CX3C (69). Additionally, LbL-NP CX3C elicited protective
antibodies, reduced lung viral loads, and leukocyte infiltration in the lungs of
immunized mice (69). This study demonstrates the importance of the CX3C motif in
RSV G’s central conserved domain to induce an immune response that protects
against RSV disease in mice.

Another study involved using a hepatitis B virus core nanoparticles fused to
an RSV G central conserved region peptide (amino acids 144 to 204) with (HBcA-
tG/M282-90) or without (HBcA-tG) RSV M2 peptide to immunize mice because a
previous study demonstrated that it can induce CD8+ T cells that are needed for viral

clearance (70). Mice immunized with HBcA-tG/M282-90 had a higher ratio of
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IgG2a/IgG1 and Thl cytokines indicative of a Th1 response compared to mice
immunized with HBcA-tG that induced a Th2 response (70). Immunization with
HBCcA-tG/M282-90 decreased viral titers and lung histopathology (70). These results
suggest that immunization of nanoparticles displaying RSV G central conserved
region alone induced markers of VED whereas inclusion of the RSV M2 peptide led
to a Thl response and decreased Th2 response and reduced lung pathology. A
separate study used Hepatitis B virus core particles with the central conserved domain
of RSV G combined with a plasmid encoding IL-35 (HBc-tG + pIL-35) to immunize
mice. Mice immunized with HBc-tG + pIL-35 and challenged with RSV had higher
levels of Thl cytokines IFN-y and IL-2 and lower levels of Th2 cytokines IL-4 and
IL-5. These mice also had lower lung viral loads compared to PBS immunized mice,
and lower histopathology scores (71). Another study used Hepatitis B virus core as a
carrier to express two RSV F epitopes, the CTL domain of RSV M2, and a truncated
RSV G (aa 169-198) to immunize mice (tHBc/Fele2/M282-90/tG) (72). Mice
immunized with tHBc/Fele2/M282-90/tG had a higher neutralizing antibody titer
compared to all other groups except UV-RSV (UV inactivated RSV) immunized
mice. Mice immunized with tHBc/Fele2/M282-90/tG or UV-RSV also had the
highest IgG2a antibody levels, however also had the highest IgG1 antibody levels.
tHBc/Fele2/M282-90/tG immunized mice had decreased lung viral loads, however
also had decreased T regulatory cells, IL-10, and higher histopathology scores
compared to other groups (72). While tHBc/Fele2/M282-90/tG elicited some

protection in immunized mice, it also induced some markers of VED.
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A separate study used polyanhydride nanoparticles encapsulating RSV F and

RSV G to immunize neonatal calves with Bovine RSV (BRSV). BRSV induces
similar symptoms of infection in calves as human RSV does in infants. This study
showed that calves immunized with the nanoparticle encapsulating RSV F and G
elicited higher levels of neutralizing antibodies, had lower overall lung viral loads,
and lower histopathology scores compared to calves immunized with empty
nanoparticles or unvaccinated calves (73). This study shows that nanoparticles can be
an effective and safe vaccine delivery platform.
1.10 Recombinant RSV G protein vaccines with an adjuvant

One of the most common RSV G vaccine strategies involves the use of
recombinant RSV G protein or peptides in combination with an adjuvant to induce an
immune response. A subunit vaccine, BBG2Na, which was tested in clinical trials
involved fusing the C-terminus of RSV A2 G central conserved region (amino acids
130 to 230) to the albumin binding domain of Streptococcal protein G (74, 75).
BBG2Na was found to be immunogenic and increase virus neutralizing antibodies in
healthy adults, however it induced a type III hypersensitivity response in phase I1I of
clinical trials (74, 75). It was suggested that the hypersensitivity response observed in
clinical trials was due to the BB portion of the vaccine, so G2Na in the absence of BB
was tested in mice and rats to determine whether it could protect against RSV disease
(75). G2Na elicited antibodies against RSV A and B in immunized rodents (75).

Additionally, the protective immunity elicited in rats persisted for 148 days
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suggesting that this vaccine could protect throughout the duration of a typical RSV
season (75).

Only one other recombinant RSV G vaccine has been studied in both animal
models and human clinical trials (described in section 1.12). One study immunized
mice with recombinant nonglycosylated G, produced in E. coli, consisting of amino
acids 67 to 298 and an immunosuppressant cyclosporine (CSA) (41). Mice
immunized with G + CSA had decreased lung viral loads and maintained body weight
(41). To determine whether T regulatory cells could be induced by G + CSA, T
regulatory cells of transgenic mice were measured in the spleen after RSV challenge
(41). Mice that were immunized with G + CSA had the highest levels of T regulatory
cells compared to control mice or mice immunized with G alone, CSA alone, or FI-
RSV. A separate study immunized five-day old mice with G + CSA, G alone, CSA
alone, or FI-RSV to determine whether G + CSA can prevent vaccine enhanced
disease in infants (76). This study showed that infant mice immunized with G + CSA
challenged with RSV had decreased lung viral loads, histopathology scores, body
weight loss, and no mucus production compared to all other groups. Additionally,
infant mice immunized with G + CSA challenged with RSV had higher anti-G
antibody titers and higher RSV neutralizing antibody titers compared to all other
groups. These mice and mice immunized with G alone induced T regulatory cells in
the spleen and lymph nodes, however only mice immunized with G + CSA had these
cells producing IL-10, an anti-inflammatory cytokine (76). These results suggest that

the recombinant G vaccine with cyclosporine can decrease pathology and vaccine

18



enhanced disease in mice. This G + CSA vaccine is currently in phase II clinical
trials.

In a different approach, recombinant unglycosylated G protein vaccine,
produced in E. coli, consisting of the RSV G ectodomain (amino acids 67 to 298),
was compared to glycosylated G protein vaccine, produced in mammalian cells (38,
40). Both were used with the adjuvant Emulsigen to immunize mice and cotton rats
(38, 40). Nonglycosylated E. coli produced RSV G (REG) + Emulsigen immunized
rats had the highest levels of RSV neutralizing antibodies against RSV-A2 and cross
neutralization of RSV-B1 (38). Mice immunized with glycocylated, mammalian
produced RSV G + Emulsigen (RMG) did not induce RSV-A2 or Bl antibodies (40).
Additionally, REG + Emulsigen immunized mice and rats had lower viral loads in the
lung tissue compared to all other immunized groups including mice immunized with
RMG + Emulsigen (38, 40). Mice and rats immunized with REG + Emulsigen had
similar histopathology scores to rats that were mock challenged, and had decreased
levels of IFN-y, IL-4, and MCP-1 cytokines, however mice and rats immunized with
RMG + Emulsigen had higher histopathology scores and increased levels of these
cytokines (38, 40). These results suggest that recombinant unglycosylated RSV G
produced in E.coli with Emulsigen can protect mice and cotton rats from RSV
disease.

An additional strategy to develop a subunit RSV G vaccine involves fusing RSV
A’s G protein with RSV B’s G protein (central conserved region amino acids 131 to

230) and administering it with Cholera toxin as an adjuvant (77). This fusion vaccine
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elicited G-specific IgG antibodies and mucosal IgA antibodies in immunized mice
and protected against RSV A, however only minimally protected against RSV B
infection. Vaccine enhanced disease was observed in immunized mice depending on
the route of immunization and the strain of challenge virus. Mice immunized
sublingually and challenged with RSV A had higher eosinophil infiltration into the
lungs and higher body weight loss compared to mice immunized intranasally (77).
Another study that used Cholera toxin as an adjuvant determined that the CD4+ T cell
epitope on RSV A’s G protein is associated with eosinophilia, which is a
characteristic of vaccine enhanced disease. An RSV G fragment consisting of amino
acids 131 to 230 with a mutated CD4+ T cell epitope (aa 183 to 195) fused to the
CD4+ T cell epitope of RSV F (aa 51 to 66) protected against RSV A and B infection
in immunized mice (78). This study suggests that a mutated RSV G can protect
against RSV disease in mice.

Additionally, mice immunized with an RSV G fragment consisting of amino
acids 131 to 230 with Cholera toxin as an adjuvant, elicited RSV G-specific IgG
antibodies and IgA antibodies (79). RSV G-specific IgG antibodies and IgA
antibodies were elicited even in the absence of Cholera toxin as the adjuvant (79).
The vaccine candidate also induced the chemotaxis of monocyte-like cells in an in
vitro chemotaxis assay (79). This study suggests that RSV G amino acids 131 to 230
are immunogenic and elicit protective antibodies.

A different study intramuscularly immunized BALB/c mice with E.coli

produced RSV G aa 131-230 using baculovirus expressing RSV M2 as the adjuvant.
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Immunized mice had reduced lung viral loads after RSV challenge compared to
control mice. Immunized mice also had reduced eosinophil infiltration into the lungs
and reduced alveolar macrophages in the lungs, however had increased neutrophils.
Furthermore, immunized mice had similar body weight loss to control mice (80). This
study shows that baculovirus expressing RSV M2 as an adjuvant can lead to some
protection in mice, however, still leads to symptoms of vaccine enhanced disease.

CpG oligodeoxynucleotides, which are a TLR9 agonist, have also been used as
an adjuvant in RSV G vaccine candidates to induce a Th1 response in immunized
mice. BALB/c mice were immunized either intranasally or intraperitoneally with
recombinant G1F/M2 (RSV G aa 125-225, cytotoxic T lymphocyte epitope of RSV
M2 aa 81-92) with and without CpG as the adjuvant. Mice immunized with G1F/M2
+ CpG and challenged with RSV were found to have higher levels of the Th1
cytokine IFN-y and higher levels of the Th1 response antibody IgG2a compared to all
other groups. These mice also had a lower pulmonary pathology score compared to
all other groups and lower lung viral loads compared to negative control phosphate
buffered saline (PBS) immunized mice (81).

As described in Chapter two and Appendix A2 of this thesis, we contributed to a
study that used monophosphoryl lipid A (MPLA) as an adjuvant in combination with
recombinant wild-type RSV G, RSV G with a single point mutation at serine 177
(S177Q, S177R), or with an alanine insertion at position 186 (within the CX3C motif
to create CX4C) (82). BALB/c mice immunized with RSV G S177Q + MPLA

elicited higher levels of Thl antibodies IgG2a compared to all other groups before
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and after RSV challenge (82). These mice also had reduced BAL cell influx into the
lungs compared to all other groups suggesting that the mutation within RSV G can
provide some protection against VED.

Overall, these studies show that recombinant RSV G as a vaccine immunogen
with certain adjuvants can be protective in mice and cotton rats by inducing
neutralizing antibodies, Th1 cytokines, or T regulatory cells, and decreasing lung
viral loads, weight loss, histopathology scores, and mucus production. However, the
studies above showed that RSV G alone as an immunogen led to VED and had low
immunogenicity. Either dramatic changes to RSV G (i.e. no glycosylation) or
adjuvants were required to eliminate markers of VED and increase the
immunogenicity of RSV G. Notably, these studies did not show that RSV G
maintained the conformational epitopes required to bind neutralizing antibodies, as
many of these studies were done before the structure of RSV G was solved, which

suggests that the immunogens that were used could have a disrupted structure.

1.11 Recombinant RSV G protein vaccines without an adjuvant

RSV G vaccines have been explored without the use of an adjuvant. For
example, RSV G polypeptides expressed in E. coli (aa 148 to 198 encompassing the
central conserved domain) or synthetic peptides consisting of amino acids 171 to 201,
171 to 183, and 181 to 192 with isoleucine deleted in the CX3C motif were
conjugated to keyhole limpet hemocyanin and investigated for their ability to induce
antibodies that block RSV G interaction with CX3CR1 and decrease disease in mice

(83). Antibodies from mice immunized with polypeptides and peptides encompassing
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the cysteine noose had the highest RSV G binding inhibition (83). Additionally, the
antibodies inhibited leukocyte chemotaxis in vitro and immunized mice had
decreased weight loss and lung viral loads and histopathology scores following RSV
infection (83). These results suggest that vaccine candidates that encompass the
central conserved domain can induce protective antibodies that inhibit CX3CR1
interactions to decrease disease severity.

Another vaccine strategy involved an RSV G peptide of amino acids 163 to 190,
which contains the binding site to an anti-RSV G antibody (131-2G), conjugated to
keyhole limpet hemocyanin (84). Mice immunized with RSV G peptide had
decreased pulmonary cell infiltration, eosinophilia, IL-4 levels, and weight loss (all
are markers of vaccine enhanced disease) compared to FI-RSV immunized mice (84).
These results suggest that a recombinant RSV G peptide can protect against RSV
disease in mice.

A different study intranasally immunized BALB/c mice with a recombinant
fusion protein produced in E. coli, encompassing aa 243-296 of RSV F fused to aa
132-230 of RSV G and Gb1 at the C-terminus (FG-Gb1). This study showed that the
Gb1 ligand targeted the fusion protein to M cells, which could pass the fusion protein
to underlying dendritic and macrophage cells. Mice immunized with FG-Gb1 had
higher viral clearance, less body weight loss, and elicited higher levels of neutralizing
antibodies compared to mice immunized with FG alone after RSV challenge which
shows that intranasal immunization with an immunogen containing RSV G can also

lead to a protective immune response (85).
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A separate recombinant fusion protein, SBP from Hepatitis B, that shares similar
domains to Fc from IgG fused to RSV F (aa 243-296) and G (aa 131-230) (SBP-FG)
was used to immunize mice (86). SBP was used to stimulate the delivery and uptake
of the fusion protein to dendritic cells to induce a Th1 immune response. Immunized
mice were shown to elicit higher levels of RSV neutralizing antibodies and 1gG2a
(Th1 antibodies) compared to IgG1 (Th2 antibodies). SBP-FG immunized mice also
induced higher levels of Thl cytokines IFN-y and IL-2 compared to PBS and FI-RSV
immunized mice and lower levels of Th2 cytokines IL-4 and IL-5 compared to FI-
RSV immunized mice. Additionally, SBP-FG immunization reduced lung viral loads,
mouse weight loss, and eosinophilia (86). This study shows the importance of a Thl
response to protect against RSV infection.

Furthermore, RSV G vaccine candidates produced in E. coli involving
antigenic sites outside the central conserved domain consisting of amino acids 67 to
298 with the central conserved domain (aa 172 to 186) deleted and replaced with a
(GlysSer): linker, amino acids 67 to 163, or aa 187 to 298 elicited RSV G-specific
antibodies in immunized rabbits and mice (87). This vaccine candidate decreased
pathology scores, viral loads, and Th2 to Th1 cytokine ratio in immunized animals
(87). This study demonstrates the existence of antigenic sites outside of RSV G’s
central conserved domain and suggests that they should be considered when
developing an RSV vaccine.

Overall, these studies highlight the potential of peptides or fragments of RSV

G as immunogens. While there are some antigenic sites outside of the CCD of RSV

24



G, most recombinant RSV G vaccine developmental strategies involve mutating the
CX3C motif within the CCD, mutating the CD4+ T cell epitope, or fusing the RSV G
protein to another protein to elicit a specific immune response. The mutations to the
CX3C motif or the CD4+ T cell epitope on RSV G can potentially disrupt the
structure of RSV G. We have shown that adding an alanine into the CX3C motif to
create a CX4C RSV G protein disrupted the epitopes required to bind to high affinity
neutralizing antibodies (88). Furthermore, fusion proteins can potentially elicit
antibodies against the protein that is not RSV G, which can lead to low titers against
RSV G and to non-neutralizing antibodies being elicited.

Even though these studies show that recombinant RSV G as a vaccine
immunogen without the use of an adjuvant can be protective in animal models when
RSV G is mutated or fused to another protein, studies that do not take the structure of
RSV G into consideration when designing an immunogen can potentially lead to the
production of non-neutralizing antibodies in immunized animals, which can lead to
VED. Additionally, the immunogenicity of the recombinant proteins should be
considered because wild-type RSV G alone induces a low abundance of neutralizing
antibodies. Studies that involve using RSV G amino acids outside the central
conserved domain should test for cross neutralization of different RSV strains
because the mucin like domains of RSV G contain many O-linked glycosylation sites

that vary.
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1.12 Clinical trials

While most of the vaccine antigen candidates and prophylaxis candidates have
focused on RSV F, one recombinant vector vaccine candidate, a modified vaccinia
Ankara (MVA)-BN (Bavarian Nordic) includes RSV G from RSV A and B, RSV F,
N, and M2 (89, 90). This vaccine candidate was tested for safety and immunogenicity
in healthy older (over 65 years) adults. After six months, an antibody response was
still measured. MVA-BN-RSV has also been tested in a phase I clinical trial of young
adults (20-49 years) and again in older adults (50-62 years) for safety and reaction to
the injection, and humoral and cell immunity (91). This study found that MV A-BN-
RSV was safe and tolerable and induced a T cell response in these adults (91). This
vaccine candidate moved on to a phase II clinical trials in older adults (92). MVA-
BN-RSV was found to elicit neutralizing antibodies and a Th1 immune response in
older adults.

There is currently one RSV G subunit vaccine in phase II clinical trials. This
subunit vaccine uses cyclosporine as an adjuvant and is from Advaccine
Biotechnology. It is being tested in the elderly and pediatric populations (preclinical
data is described in section 1.10) (12).

1.13 Concluding remarks

RSV causes severe lower respiratory tract infections in infants, elderly, and
immunocompromised individuals. The first vaccine candidate, formalin inactivated
RSV, led to enhanced disease upon RSV infection and resulted in two deaths. Most of

the current vaccine developmental strategies currently in clinical trials are focused on
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the fusion glycoprotein RSV F, however some preclinical studies are now focusing on
the attachment glycoprotein RSV G.

There are currently many vaccine developmental strategies to develop an RSV
vaccine utilizing RSV G as the vaccine antigen. These strategies include: virus-like
particles, nucleic acid vaccines, recombinant RSV G vaccines, virus vector vaccines,
nanoparticle vaccines, and live attenuated RSV vaccines. Additionally, anti-RSV G
antibodies are also being explored as a prophylaxis or treatment.

RSV G structural studies have identified RSV G antigenic sites, which may

provide direction to developing an effective and protective RSV vaccine.
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Chapter 2:

Structure-based design and antigenic validation of respiratory syncytial virus G
immunogens

2.1 Abstract

Respiratory syncytial virus (RSV) is a leading cause of severe lower respiratory

tract disease of children, the elderly, and immunocompromised individuals.
Currently, there are no FDA-approved RSV vaccines. The RSV G glycoprotein is
used for viral attachment to host cells and impairment of host immunity by interacting
with the human chemokine receptor CX3CR1. Antibodies that disrupt this interaction
are protective against infection and disease. Nevertheless, development of an RSV G
vaccine antigen has been hindered by its low immunogenicity and safety concerns.
A previous study described three engineered RSV G proteins containing single-point
mutations that induce higher levels of IgG antibodies and have improved safety
profiles compared to wild-type RSV G (H. C. Bergeron, J. Murray, A. M. Nufiez

Castrejon, et al., Viruses 13:352, 2021, https://doi.org/10.3390/v13020352).
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However, it is unclear if the mutations affect RSV G protein folding and display of its
conformational epitopes. In this study, we show that the RSV G S177Q protein
retains high-affinity binding to protective human and mouse monoclonal antibodies
and has equal reactivity as wild-type RSV G protein to human reference
immunoglobulin to RSV. Additionally, we determined the high-resolution crystal
structure of RSV G S177Q protein in complex with the anti-RSV G antibody 3G12,
further validating its antigenic structure. These studies show for the first time that an
engineered RSV G protein with increased immunogenicity and safety retains
conformational epitopes to high-affinity protective antibodies, supporting its further
development as an RSV vaccine immunogen.

2.2 Importance

Respiratory syncytial virus (RSV) causes severe lower respiratory diseases of
children, the elderly, and immunocompromised populations. There currently are no
FDA-approved RSV vaccines. Most vaccine development efforts have focused on the
RSV F protein, and the field has generally overlooked the receptor-binding antigen
RSV G due to its poor immunogenicity and safety concerns. However, single-point
mutant RSV G proteins have been previously identified that have increased
immunogenicity and safety. In this study, we investigate the antibody reactivities of
three known RSV G mutant proteins. We show that one mutant RSV G protein
retains high-affinity binding to protective monoclonal antibodies, is equally

recognized by anti-RSV antibodies in human sera, and forms the same three-



dimensional structure as the wild-type RSV G protein. Our study validates the
structure-guided design of the RSV G protein as an RSV vaccine antigen.

2.3 Introduction

Respiratory syncytial virus (RSV) is the leading cause of severe lower respiratory
disease in children and infants, causing approximately 33 million cases and 118,000
deaths globally every year (1-3). RSV is also a major contributor of respiratory
disease in the elderly and immunocompromised populations, causing approximately
10,000 deaths annually (4-8). The only FDA-approved prophylaxis is the monoclonal
antibody (MADb) palivizumab (Synagis), which reduces hospitalizations due to RSV
infection but does not prevent infection (9—11). There currently is no FDA-approved
vaccine available to protect against RSV infection.

RSV contains two immunogenic envelope glycoproteins that elicit
neutralizing antibodies: RSV F and RSV G (12). The membrane fusion glycoprotein,
RSV F, exists in a prefusion form (RSV pre-F) that undergoes a conformational
change to post-F in order to cause membrane fusion (12). RSV F is the target of most
serum neutralizing antibodies, and thus it has been the focus of most monoclonal
antibody and vaccine developmental strategies (13, 14). However, RSV F has known
variability and antibody escape potential, and escape from an anti-F monoclonal
antibody suptavumab was responsible for its failure in phase 3 trials (15, 16).

The attachment glycoprotein, RSV G, has important roles in RSV infection
and in impairment of host immunity. RSV G on the virus surface promotes virus

attachment to human airway epithelial cells by interacting with the human chemokine



receptor CX3CR1 (17-20). RSV G impairs host immunity through diverse
mechanisms. RSV G dampens the type I antiviral interferon (IFN) responses in
airway epithelial cells and dendritic cells, limiting host innate defenses against RSV
infection (21). Furthermore, RSV G protein induces a Th2-biased cytokine response
in CD41 T cells (22, 23) and downregulates Th1-mediated immune responses, at least
in part by modulating neonatal regulatory B cells (24). Notably, RSV G is produced
as both a membrane-bound form, for incorporation into new virion particles, as well
as a secreted form (RSV sG) due to a conserved second start codon at Met 48 (25—
27). RSV sG has been shown to compete with CX3CLI1 for binding to CX3CRI,
modulating signaling and trafficking to the lungs by CX3CR11 killer T cells and NK
cells, which are needed for clearance of RSV-infected cells (20, 28-30). RSV sG has
also been shown to modulate the responses of Fc-expressing immune cells, limiting
their ability to clear RSV-antibody complexes and RSV-infected cells (31).

Despite RSV G’s role in infection and disease, it has been mostly overlooked
as a vaccine target due to its overall sequence variability, highly glycosylated mucin-
like domains, and safety concerns (described below) (12, 32, 33). In addition, RSV G
is less immunogenic than RSV F, with RSV G eliciting approximately 2 to 10% of
human serum neutralizing antibodies (34, 35). RSV G does, however, contain a
nonglycosylated region that is nearly invariant across strains, termed the central
conserved domain (CCD), which interacts with CX3CR1 and is the target of broadly
neutralizing antibodies (36—44). Structural studies have revealed that the RSV G CCD

contains conformational epitopes where these protective antibodies bind (45—47).



Anti-RSV G antibodies that target the CCD have been shown to be protective
in vivo in mouse and cotton rat models of RSV infection. The anti-RSV G mouse
monoclonal antibodies (MAbs) 131-2G, 5A6, and 3AS5 and the human MAbs 3D3 and
3G12 reduce lung viral loads and weight loss in mouse models (3644, 48). Anti-
RSV G MAbs also reduce disease symptoms, including pulmonary inflammation,
airway resistance, and mucus production in mouse models (36-38, 4042, 44, 48).
Notably, the bivalent antigen binding fragment [F(ab9)2] of 131-2G reduces
pulmonary cell infiltration, mucin production, weight loss, and airway dysfunction
without reducing lung viral titers in mice, revealing that anti-RSV G antibody
protection from disease symptoms is not due solely to reduced viral loads (36, 41).
Moreover, F(ab9)2 131-2G shifted the antibody response toward a Th1 response, with
higher IgG2a antibody titers in immunized mice, and lowered the percentage of
interleukin-4 (IL-4)-positive T cells (48). In cotton rats, anti-RSV G antibody
CBO017.5 reduced viral loads, inflammation, and pathology in both treatment and
prophylactic models (47).

Anti-RSV G antibodies that target the CCD are also protective in human
models in vitro. MAbs 131-2G, CB002.5, and CB017.5, as well as others, directly
neutralize RSV infection in primary human airway and bronchial epithelial cells (17,
19, 47, 49). One study developed an in vitro model of RSV infection. Peripheral
blood mononuclear cells (PBMCs) were cocultured in the top chamber of a permeable
membrane Transwell insert with RSV-infected human airway epithelial cells in the

bottom chamber (50). The addition of F(ab9)2 131-2G to this in vitro system



decreased virus replication and increased the levels of alpha interferon (IFN-a) and
tumor necrosis factor alpha (TNF-a) produced by plasmacytoid dendritic cells and
monocytes within PBMCs (50). A separate study demonstrated anti-RSV G MAbs
can induce the destruction of RSV-infected Hep-2 cells by PBMCs and phagocytosis
by human blood neutrophils (49). Finally, in a study in human infants and young
children, lower clinical disease severity upon natural RSV infection was correlated
with higher maternal immunoglobulin G antibodies against RSV G and RSV pre-F (P
=0.028 and 0.038, respectively), despite the .30-fold lower abundance of antibodies
against RSV G compared to RSV pre-F (35).

Despite the abundance of evidence that anti-RSV G antibodies are protective
in vivo, poor immunogenicity and safety concerns have hindered the development of
RSV G as a vaccine antigen. In a 1960s’ clinical trial of formalin-inactivated RSV
(FI-RSV), vaccine recipients experienced enhanced respiratory disease (ERD) upon
natural RSV infection (51-55). Subsequent studies have identified several factors that
may have contributed to ERD, including lung eosinophilia, a Th2-biased immune
response, and low-avidity antibody responses leading to immune complex deposition
in the lungs (56). RSV G as a vaccine antigen—either as a recombinant protein or
vaccinia virus expressing RSV G—recapitulates some aspects of ERD in the mouse
model: mainly eosinophilia and increased Th2 cytokines/chemokines following RSV
challenge (51-55). Furthermore, immunization with sG increases the levels of the
Th2 cytokines IL-5, which activates eosinophils, and IL-13 produced in the lungs of

immunized mice (54, 57). However, subsequent studies revealed that the immune



responses from FI-RSV and RSV G antigen alone are distinct (23, 58), and there are
contradictions in the literature as to whether immunization with FI-RSV from RSV
lacking the G protein reduces ERD following RSV challenge (30, 59). Nevertheless,
the ability of RSV G antigen to prime for eosinophilia and a Th2-biased response has
hindered its development as a vaccine antigen.

One strategy to improve the safety and immunogenicity of the RSV G antigen
has involved mutagenesis to inactivate the detrimental activities tied to the CCD. In
one approach, mutagenesis of the CX3C motif to CX4C (insertion of an alanine
before cysteine 186) was used to develop a live attenuated RSV vaccine (RSV
CX4C). Evaluation of RSV CX4C in an in vitro model of RSV infection of human
airway epithelial (HAE) cells incubated with human PMBCs revealed that RSV
CX4C induced higher levels of type I and III interferons compared to wild-type (WT)
RSV (50). Additionally, RSV CX4C is less effective at infecting HAE cells, which
may decrease its pathogenicity (18, 60). Evaluation of RSV CX4C compared to wild-
type RSV in vivo showed reduced lung inflammatory cell infiltration, mucus
production, and airway resistance upon RSV challenge in mice (18, 50, 60, 61).
Furthermore, RSV CX4C induced higher serum neutralizing antibody titers compared
to wild-type RSV (61). Cotton rats, which are more permissible to RSV disease than
mice, infected with RSV CX4C had less interstitial inflammation and alveolitis
compared to rats infected with wild-type RSV (60).

In another approach, single-point mutagenesis of a different CCD residue,

serine 177, which is conserved as a small amino acid glycine or serine, was compared



to the CX4C mutant in an RSV G subunit vaccine (62). In this study, mice
immunized with recombinant RSV G proteins containing wild-type or CX4C, S177Q,
or S177R mutant sequences were evaluated for antibody responses and markers of
disease. RSV G S177Q and S177R proteins induced higher levels of anti-RSV IgG
antibodies in immunized mice before and after RSV challenge compared to mice
immunized with RSV G wild-type or CX4C proteins, as assessed by enzyme-linked
immunosorbent assay (ELISA). Moreover, elicited antibodies were shown to block
RSV G-CX3CRI1 interaction, which is a known protective functional activity of anti-
RSV G antibodies (described above). Additionally, mice immunized with RSV G
S177Q protein had reduced bronchoalveolar lavage cell influx into the lungs.
Despite the promise of RSV G engineering to improve immunogenicity and
overcome safety concerns, it has been unclear if the mutations affect antigen folding
and display of RSV G conformational epitopes. This is important because structural
distortion of RSV G protein could prevent binding of high-affinity antibodies and
reduce vaccine efficacy. In this study, we compare RSV G wild-type and CX4C,
S177Q, and S177R mutant proteins for their binding affinities to anti-RSV G MAbs
3G12,3D3, 2D10, and 131-2G. Additionally, we compare RSV G wild-type and
mutant proteins for binding to human reference immunoglobulin to RSV. Finally, we
present the structure of antibody 3G12 bound to RSV G CCD S177Q to evaluate at
the atomic level the mutant CCD folding and display of the 3G12 conformational
epitope. These studies validate the structure and antigenicity of the RSV G S177Q

mutant and support its further development as an RSV vaccine immunogen.



2.4 Results

2.4.1 Design of RSV G**® WT and mutant proteins

Recombinant RSV G ectodomain (G***°) wild-type (WT) and mutant (CX4C, S177Q,
and S177R) proteins (residues 64 to 298) were designed, expressed, and secreted in
mammalian cells and purified from the cell medium as described previously (62).
Briefly, RSV G CX4C was engineered by insertion of an

alanine into the CX3C motif before cysteine 186 (50) (Fig. 1A). RSV G*** S177
mutants were designed by investigating all known structures of the RSV G CCD
bound to human antibodies 3G12, 3D3, 2D10, CB002.5, and CB017.5 to identify
CCD amino acid side chains that do not contribute to the conformational epitopes
(45-47) (Fig. 1A and B). Serine 177, which is conserved as a small amino acid
glycine or serine, was mutated to a larger amino acid, glutamine, or arginine (S177Q
and S177R, respectively), to potentially sterically disrupt interactions with CX3CR1
(Fig. 1C). Analysis of purified RSV G proteins confirmed purity (Fig. 1D). However,
it is unclear from these studies if the mutant RSV G proteins fold correctly or display

known conformational epitopes.



2.4.2 RSV G**° S177 mutant proteins retain high-affinity binding to anti-RSV G

MAbs

To determine whether recombinant RSV G***® mutant proteins retain conformational
epitopes for anti-RSV G MAbs, binding analyses were conducted using Octet
biolayer interferometry. Anti-human or anti-mouse IgG Fc biosensors were loaded
with anti-RSV G human MAbs (3G12, 2D10, and 3D3) or mouse MADb 131-2G,
respectively. Biosensors were submerged into 1:2 serial dilutions of RSV G*** WT or
mutant proteins to measure on-rates and then submerged into buffer to measure off-
rates (Table 1). The binding constant (equilibrium dissociation constant [KD]) for
each antibody-antigen interaction was then calculated (Table 1). RSV G** WT
protein bound to MAbs 3D3, 3G12, and 131-2G with a low-picomolar, high-

picomolar, and low-nanomolar KD, respectively, consistent with previous binding
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studies (39, 46, 49) (Table 1). We also determined for the first time that RSV Ge'°
WT protein binds to MAb 2D 10 with a low-picomolar KD, similar to the known
highest-affinity anti-RSV G Mab, 3D3. RSV G S177Q and S177R mutant proteins
had the same or modestly reduced affinity for all four MAbs compared to RSV G*¢*
WT protein. In the cases of reduced binding, affinities were still maintained at high-
picomolar or low-nanomolar KDs. Together, these data indicate that the S177Q or
S177R mutations do not disturb the epitopes required to bind diverse anti-RSV G
MAbs with high affinity. In contrast, RSV G CX4C protein had reduced binding
affinities for all four anti- RSV G MAbs (Table 1). While binding affinity was only
modestly reduced for MAb 131-2G, affinities for MAbs 3D3 and 3G12 were reduced
by approximately 100-fold, and affinity to MAb 2D10 was reduced by approximately
10,000-fold. These data reveal that epitopes of the RSV G*** CX4C mutant protein
are significantly disrupted by the mutation and have reduced affinities for diverse

anti-RSV G MAbs.

2.4.3 Human reference immune globulin to RSV equally recognizes RSV G*° WT

and S1770Q mutant proteins

To determine whether RSV G*** WT and mutant proteins could be recognized by
anti-RSV antibodies in human sera, enzyme-linked immunosorbent assays (ELISAs)
were conducted using human reference immune globulin to RSV (human anti-RSV
Ig), which has been shown to contain RSV neutralizing antibodies (63, 64). ELISA
plates were coated with recombinant RSV G**® WT and mutant proteins, and

reactivity to serially diluted human anti-RSV Ig was evaluated.
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ELISA signals and area under the curve (AUC) calculations are shown in Fig.
2. RSV G*** WT and S177Q mutant proteins had indistinguishable reactivities,
suggesting that the immunodominant epitopes in human anti-RSV Ig are not
significantly affected by the S177Q mutation. In contrast, RSV G** S177R and
CXA4C mutant proteins had reduced reactivities compared to RSV G*** WT. RSV
G CX4C had the lowest reactivity of the three RSV G*°*® mutant proteins,
consistent with MADb binding studies; however, it had some detectable reactivity over
the “no-antigen” control (P = 0.01 to 0.05). The data indicate that the RSV G&*°

S177Q mutant protein displays immunodominant epitopes for human anti-RSV Ig.
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Figure 1: Anti-RSV G monoclonal antibody interactions with the RSV G central
conserved domain (CCD).

(A) A schematic of RSV G protein of RSV strain A2 showing the transmembrane
domain (TM), the alternate initiation site at methionine 48 that initiates the
production of soluble RSV G protein, mucin-like regions I and II with predicted O-
and N-linked glycans (“0” and “N,” respectively) above, the CCD (amino acids [aa]
157 to 198), and the 4-cysteine loop (Cys loop) within the CCD. (B) Sequence
alignment of the RSV G CCD from indicated strains. Conserved amino

acids are highlighted in cyan. Secondary structure and disulfide bonds are represented
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by loops and brackets, respectively. The heparin binding domain (HBD) is labeled.
The CX3C motif is shown at amino acids 182 to 186. Conformational epitope amino
acids for anti-RSV G monoclonal antibodies 3D3 (pink), 2D10 (orange), 3G12
(yellow), CB017.5 (green), and CB002.5 (wheat) and the linear epitope amino acids
for 131-2G (gray) are indicated. It is unknown if antibody 131-2G has a larger or
conformational epitope. (C) RSV G CCD (side view) shown in cyan, with S177
highlighted in gold and the CX3C motif highlighted in red. Variable domains of
monoclonal antibodies 2D10 (orange; PDB code SWN9), 3G12 (yellow; PDB code
6UVO), CB017.5 (green; PDB code 6BLH), 3D3 (pink; PDB code SWNA), and
CB002.5 (wheat; PDB code 6BLI) when bound to overlaid RSV G CCD structures
are displayed. (D) Coomassie-stained SDS-PAGE gel of RSV Gecto WT and mutant
proteins at ;90 kDa. Lane 1, WT; lane 2, S177Q mutant; lane 3, S177R mutant; lane
4, CX4C mutant.

Table 1 Binding affinity constant (KD), on-rates (ks), off-rates (ka), R?, and 3% of RSV

G WT and mutant proteins to anti-RSV G mAbs

mAb

Kb

ka

R2

Sample Kd X

(pM) (x10° (x10°s™)

M-1s-1)

RSV G *° WT 3G12 260 2.52 6.55 0.9992 0.4802
262 1.98 5.19 0.9993 0.4809
RSV G°**8177Q  3G12 2280 2.32 52.8 0.9974 0.6908
1880 2.38 44.7 0.9975 0.5193
RSV G *° S177R 3G12 4340 1.34 58.1 0.9949 1.4869
4600 1.46 67.2 0.9965 0.8916
RSV G *° CX4C 3G12 27700  0.399 110 0.9751 0.5311
28000  0.367 103 0.9681 0.6455
RSV G *° WT 2D10 <1 3.70 <0.01 0.998 0.8776
<1 3.83 <0.01 0.9975 1.0426
RSV G *°S8177Q  2D10 605 3.71 22.5 0.9985 0.5392
485 3.1 15 0.9959 1.4183
RSV G *°S177R  2D10 <1 3.18 <0.01 0.9983 0.6609
<1 2.53 <0.01 0.9962 1.1652
RSV G *° CX4C 2D10 65100  0.249 162 0.9848 0.6959
93300  0.213 199 0.9839 0.5709
RSV G *° WT 3D3 <1 4.26 <0.01 0.9988 0.5743
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<1 4.31 <0.01 0.9983 0.5431
RSV G °* $177Q 3D3 538 3.69 19.9 0.9974 0.4947
264 414 10.9 0.9982 0.2435
RSV G ** S177R 3D3 422 2.47 10.4 0.9972 0.6466
570 2.65 15.1 0.9972 0.6919
RSV G ¢ CX4C 3D3 6080 0.531 32.3 0.9946 0.6276
6230 0.479 29.8 0.9893 0.7662
RSV G WT 131-2G 1900 2.87 54.4 0.9891 0.1445
3200 2.89 92.4 0.9609 0.4062
RSV G °* S177Q 131-2G 3480 3.38 118 0.9928 0.102
6540 23 151 0.9875 0.1745
RSV G ** S177R 131-2G 8600 0.481 41.4 0.9933 0.1485
2360 2.48 58.6 0.9853 0.4089
RSV G ** CX4C 131-2G 13200 0.477 62.8 0.9591 0.2116
19600 0.496 97 0.9813 0.1074
A B
4 o 800007
S ¥ - S177R 5. ‘89000, S177R
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1- § 20000
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Figure 2: Human reference immunoglobulin to RSV binding to RSV G WT and

mutant proteins.
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(A) Dilution series ELISA to evaluate the human reference IgG reactivity to
recombinant RSV G*® WT and mutant proteins. Samples were evaluated in
biological quadruplicates, and error bars represent 1 standard deviation (SD) from the
mean. A curve is shown for RSV G**® WT (cyan) and S177Q (gold), S177R (purple),
and CX4C (red) mutant proteins, as well as a negative control with no antigen
(black). (B) The area under the curve for each sample was calculated in Prism. Error
bars represent the mean and SD. Data were analyzed by a one-way analysis of
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variance (ANOVA): n.s., not significant (P>0.05); *, P =0.01 to 0.05; **** P |
0.0001.

2.4.4 Fab 3G12-RSV G CCD S177Q structure

To further show at the atomic level that the S177Q mutation does not disrupt CCD
folding and display of conformational epitopes, we used X-ray crystallography to
solve the structure of RSV G CCD S177Q bound to 3G12 antibody (Fig. 3 and Table
2). Recombinant RSV G CCD residues 157 to 197 containing the S177Q mutation
were copurified with the fragments of antigen binding (Fab) 3G12. The complex was
crystallized, and the structure was solved to 3.1-A resolution. The structure reveals
that the 3G12 conformational epitope is displayed by the RSV G CCD containing the
S177Q mutant, consistent with MAb 3G 12 binding studies showing high-affinity
binding. The electron density maps show extended density for the mutant glutamine
side chain compared to the density of the wild-type serine side chain at RSV G
residue 177 (Fig. 3A). Comparison of the RSV G CCD wild-type and S177Q mutant
structures shows that they are nearly identical, with a root mean square deviation
(RMSD) of 0.16 A, and their contacts with antibody 3G12 are largely conserved
(Fig. 3B). Notably, although residue 177 is in the middle of a loop constrained by the
four cysteines in two disulfide bonds, the S177Q mutation does not prevent the
formation of these disulfide bonds, which are important for the display of all known
conformational epitopes. Indeed, structural comparison of RSV G CCD S177Q with
wild-type RSV G CCDs bound to different antibodies reveals that the central

disulfide-bonded regions of the CCDs (residues 169 to 187) are nearly identical (Fig.
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3C). Overall, this structure reveals that the RSV G CCD containing the S177Q

mutation is structurally intact and displays conformational epitopes.

A ccpsi77q B C

mAb RMSD
3G12 0.161

> 3D3 0.397
2D10 0.459
'2CB002.5 0.511
‘)CBO17.5 0.428

J

Figure 3: Crystal structure of Fab 3G12 in complex with RSV G CCD S177Q at a
3.1-A resolution.

(A) Comparison of RSV G CCD WT (cyan; PDB code 6UVO) and S177Q (gold;
PDB code 7T8W) when bound to Fab 3G12. Electron density maps, contoured at 1.0
sigma within 1.8 A of amino acid 177, are shown. (B) Overlay of the structures of
RSV G CCD WT (cyan) and RSV G CCD S177Q (gold) bound to Fab 3G12. (C)
Overlay of RSV G CCD WT bound to anti-RSV G antibodies 3G12 (yellow; PDB
code 6UVO), 3D3 (pink; PDB code SWNA), and 2D10 (orange; PDB code SWN9)
and CB002.5 (wheat; PDB code 6BLI), CB017.5 (green; PDB code 6BLH), and RSV
G CCD S177Q bound to 3G12 Fab (gold; PDB code 7T8W). Flexible amino acids are
shown in gray. RMSD values were determined using PyMOL.
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Table 2 Data collection and refinement statistics for Fab 3G12 — RSV G CCD S177Q

complex
PDB code 7T8W
Data collection
Space group P3121
Cell dimensions
a, b, c(A) 139.39, 139.39, 98.05
a, B,y (%) 90, 90, 120

Resolution (A)
Rsym OF Rimerge

I/ol

Completeness (%)
Redundancy
CCip2

Refinement
Number of reflections
Resolution (A)
Rwork/Rfree
Number of atoms
Protein
Ligands
Water
B factors
Protein
Ligands
Water
RMSD
Bond lengths (A)
Bond angles (°)
Ramachandran statistics
Favored (%)
Allowed (%)
Outliers (%)

98.05-3.10 (3.31-3.10)
0.705 (3.614)

5.8 (1.8)

100 (100)

19.1 (18.7)

0.974 (0.567)

20274 (1983)
76.106-3.1 (3.211-3.1)
0.2369/0.2500

3598

0.014
2.03

96.13
3.87
0

Data from one crystal were used for each structure determination. Values in

parentheses are for the highest-resolution shell.

18




2.5 Discussion
The value of a structure-based approach for the improvement of vaccine antigens
has become widely appreciated (65). Here, we investigated human antibody
reactivities to three RSV G mutant proteins (CX4C, S177Q, and S177R), which were
previously shown to have increased immunogenicity and safety in vivo compared to
wild-type RSV G protein (62). The CX4C mutation had been designed to disrupt the
CX3C motif, which is associated with detrimental RSV G activities. However, the
CX4C mutation had been designed before antibody-RSV G complex structures and
conformational epitopes had been elucidated. The S177 mutations had been designed
with these structures in mind to minimize disruption of conformational epitopes.
Affinity binding studies for MAbs against the RSV G S177 mutant proteins
reveal that their conformational epitopes are largely intact (Table 1). MADb binding
affinity constants remained in the picomolar or low-nanomolar range. Interestingly, in
all cases of reduced binding, such as the 17-fold reduction in binding of MAb 3G12
to RSV G S177R protein, analyses of binding kinetics reveal that the on-rates were
the same as for binding to wild-type RSV G, but the off-rates were slightly faster
(Table 1). As the S177 side chain is only 3.5 to 4.0 A away from MAb 3G12 CDR3
residues (Fig. 3B), it is likely that the size or charge of the S177R mutation caused
some repulsion and affected off-rates. On the other hand, the S177 side chain is .10 A
away from MAb 3D3 residues, yet S177 mutations modestly reduced MAb 3D3
binding. This suggests that CCD mutations may affect MAb binding by mechanisms

other than direct repulsion—perhaps by restricting CCD flexibility and entropy.
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In contrast to studies with RSV G S177 mutant proteins, MAb binding affinity
studies with the RSV G CX4C mutant protein reveal that its conformational epitopes
are significantly disrupted (Table 1). Binding of MAb 2D10 to RSV G CX4C protein
was severely reduced (10,000-fold), which is not surprising given that the CX3C
motif forms; 40% of the 2D10 epitope. On the other hand, binding to MAb 3G12 was
reduced by approximately 100-fold, despite the CX3C motif forming only 0.01% of
the 3G12 epitope, suggesting that the CX4C mutation induces global changes to the
CCD structure beyond just the CX3C motif. Consistent with this, a 6-fold reduction
in binding to MADb 131-2G was observed, despite the CX4C mutation being 17 amino
acids downstream of the 131-2G linear epitope (Fig. 1B), suggesting that the CX4C
mutation broadly distorts the CCD structure and/or MAb 131-2G may have a
conformational epitope. Notably, analyses of binding kinetics reveal that both on-
rates and off-rates are significantly affected by the CX4C mutation (Table 1).

We further evaluated the RSV G mutant proteins in ELISA studies with
human reference immune globulin to RSV. Consistent with MAb binding studies,
ELISA studies reveal that the RSV G CX4C mutant protein has significantly reduced
binding to human anti-RSV antibodies compared to wild-type RSV G. Interestingly,
we observed a difference between the two RSV G S177 mutant proteins: whereas the
RSV G S177R protein has reduced binding compared to wild-type RSV G, the RSV
G S177Q protein has equal binding to human anti-RSV antibodies compared to wild-
type RSV G. We note that a generally understood distinction between binding affinity

studies with human MAbs and ELISAs with human anti-RSV antibodies is that MAb
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studies evaluate individual epitopes, whereas ELISAs with human serum antibodies
are biased in favor of immunodominant epitopes. These data suggest that the S177Q
mutation has little or no effect on the immunodominant epitopes of RSV G protein.

Finally, we validated the structure of RSV G S177Q protein by solving the
high-resolution structure of its CCD bound to antibody 3G12. The structure confirms
the structural integrity of CCD with the S177Q mutation and is consistent with human
MAD and human anti-RSV antibody binding studies.

Altogether, these studies validate for the first time that RSV G immunogens
can be engineered for increased immunogenicity and safety while retaining
conformational epitopes to high-affinity protective antibodies. In particular, our
studies, in combination with those of Bergeron et al. (62), identify the RSV G S177Q
mutant protein as a promising RSV vaccine immunogen. The RSV G S177Q mutant
protein could be studied further as a subunit vaccine or integrated into other candidate
RSV vaccine platforms, including subunit, virus-like particles, live attenuated RSV,
virus-vectored, and mRNA vaccines (14). We note that several RSV vaccine
candidates targeting the RSV pre-F antigen are currently in phase 3 clinical trials,
with some preliminary efficacy data from phase 2 clinical trials suggesting
approximately 70% efficacy against symptomatic RSV infection, an improvement
over previous RSV vaccine candidates targeting RSV post-F but with potential for
additional improvement. Mutational escape from the MAbs against the F protein has
already proven to be clinically significant, and widespread use of F protein vaccines

or MAbs given prophylactically runs the risk of generating escape mutants. Notably,
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none of these candidates includes an RSV G immunogen, meaning that they will not
elicit the broadly protective anti-RSV G antibodies that block RSV engagement of the
human CX3CR1 receptor, which is key for infection of human airway epithelial cells
and for RSV dampening of host immune responses. Thus, addition of engineered
RSV G immunogens to RSV pre-F vaccine candidates may increase both efficacy and
universality while reducing escape potential.

2.6 Materials and Methods

2.6.1 Expression and purification of wild-type and mutant RSV G proteins.

A synthetic gene encoding RSV (strain A2) G protein ectodomain (RSV G*¢*°) amino
acids 64 to 298 (UniProtKB entry P03423), in frame with an N-terminal tissue
plasminogen activator (TPA) or CDS5 signal sequence and tandem C-terminal 6
histidine and Twin-Strep purification tags, was cloned into cytomegalovirus (CMV)
promoter-driven expression plasmids pCF or a derivative of pcDNA3.1 (66).
Mutations in the RSV G gene were introduced by Phusion site-directed mutagenesis
and verified by Sanger sequencing. The CX4C mutant contains an additional alanine
within the CX3C motif before the second cysteine (C!%6) to encode CWAIAC
(CX4C) instead of the wild-type sequence CWAIC (CX3C). Serine 177 was mutated
to glutamine or arginine for mutants S177Q and S177R, respectively. Recombinant
RSV G*** proteins were expressed by transient transfection in CHO-S cells using
electroporation (Maxcyte STX) and purified from the media by StrepTrap affinity

chromatography. All proteins were concentrated to 1 mg/ml and dialyzed into
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phosphate buffered saline (PBS). Purity was verified by SDS-polyacrylamide gel

electrophoresis (Figure 1D).

2.6.2 Anti-RSV G mAbs 3D3, 2D10, 3G12, and 131-2G

Synthetic genes encoding the heavy chain or light chain variable regions of human
mAb 2D10 were cloned by Gibson assembly into the pPCMVR VRCO1 antibody
vectors for light and heavy chains obtained from the AIDS Reagent Program, in place
of the variable regions of antibody VRCO1, a human anti-HIV antibody (IgG1)
targeting the gp120 protein (67). The plasmids were verified by DNA sequencing.
Recombinant mAb 2D 10 was expressed by transient transfection in CHO-S cells and
purified from the media by immobilized protein A affinity chromatography. Purity
was verified by SDS-polyacrylamide gel electrophoresis. Recombinant mAbs 3D3
and 3G12 were produced as described previously and obtained from Trellis
Bioscience (27). Mouse mAb 131-2G was purchased from EMD Millipore

(MABS58-2).

2.6.3 Binding affinity analyses

An Octet RED384 biolayer interferometry instrument was used to determine binding
affinities of wild-type and mutant RSV G*¢*° proteins to anti-RSV G mAbs. Anti-
human IgG Fc capture AHC biosensors (for mAbs 3D3, 2D10, and 3G12) or anti-
mouse IgG Fc capture AMC biosensors (for mAb 131-2G) were submerged in Octet
buffer (PBS pH 7.4, 0.05% Tween-20, 1% BSA) for 60 s. The sensors were loaded
for 120 s with 1 pg/mL of human or mouse anti-RSV G mAb and then submerged

into Octet buffer for 120 s. Association of mAbs with wild-type and mutant RSV
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Ge** was measured for 300 s and dissociation in Octet buffer was measured for 600 s.
RSV G proteins started at 40 nM and were two-fold serially diluted to 0.63 nM to
measure binding to anti-RSV G mAbs. Higher starting concentrations were required
to be able to fit curves for RSV G**** CX4C protein. A global association 1:1 model
was used to fit at least three curves to determine the on- and off-rates to calculate the

dissociation constant (Kp). All binding assays were performed in duplicate.

2.6.4 ELISA with anti-RSV human immune globulin

Flat bottom, high binding Costar 3590 ELISA plates were coated with wild-type and
mutant RSV G*°*° proteins at 1 pg/mL in PBS at 4°C overnight. The plates were
washed three times with wash buffer (PBS pH 7.4, 0.1% Tween-20). Plates were
blocked overnight at 4°C with blocking buffer (PBS pH 7.4, 5% dry milk, 1% BSA).
The blocking buffer was decanted and Human Reference Immune Globulin to
Respiratory Syncytial Virus, CBER RSV Lot 1 (BEI Resources NR-21973) was
added starting at 1:100 dilution in blocking buffer and serially diluted three-fold for 1
hour at 37°C. The plates were washed three times with wash buffer. Goat anti-Human
IgG Fc secondary antibody conjugated to horseradish peroxidase (HRP) (Invitrogen
A18817) was added at a 1:3000 dilution for 1 hour at 37°C. The plates were washed
two times with wash buffer. Plates were developed for 10 minutes with phosphate
citrate buffer, 12.5 puL of 30% hydrogen peroxide, and two o-phenylenediamine
dihydrochloride (OPD) tablets. The reaction was stopped with 2N sulfuric acid and
the plates were measured at OD49o using a Molecular Devices Spectramax plate

reader. Human anti-RSV G mAb 3G12 was used as a positive control starting at 1
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pg/mL and serially diluted three-fold. No antigen was used as a negative control.
Curves were graphed in Graphpad Prism and are the average of four replicates.

2.6.5 Expression and purification of RSV G CCD S1770.

A synthetic gene encoding RSV (strain A2) G CCD amino acids 157 to 197
(UnitProtKB entry P03423) was cloned into pRSFDuet-1 with an N-terminal
methionine and a C-terminal 6x histidine tag. The S177Q mutation was introduced by
Phusion site-directed mutagenesis and verified by Sanger sequencing. Recombinant
RSV G CCD S177Q was expressed in T7Express E. coli overnight at 18°C. Cells
were lysed by ultrasonication in wash buffer (20 mM Tris pH 8, 25 mM imidazole,
150 mM NacCl) with 0.1 mM MgCl,, protease inhibitors, and benzonase. RSV G CCD
S177Q was purified from clarified E. coli lysates by affinity chromatography using a
HisTrap FF crude column and washed with wash buffer containing 6 M Urea. Protein

was eluted in wash buffer containing 500 mM imidazole.

2.6.6 Fab preparation of 3G12

The Fab fragments of human anti-RSV G mAb 3G12 were produced using the Pierce
Fab Preparation Kit (Thermo Scientific 44985). Briefly, mAb 3G12 was incubated
with immobilized papain in PBS for five hours at 37°C. Fc fragments were removed
using immobilized Protein A. Fab purity was verified by SDS-polyacrylamide gel

electrophoresis.

2.6.7 Purification of Fab 3G12 - RSV G CCD S1770Q complex structure

To generate the Fab 3G12 - RSV G CCD S177Q complex, Fab 3G12 was incubated

with a four-molar excess of RSV G CCD S177Q on ice for 30 minutes. A Superdex
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75 size exclusion chromatography column was used to purify the complex and eluted
in 10 mM Tris-HCI pH 8 and 150 mM NaCl. The complex was concentrated to 8.26
mg/mL. Crystals were grown by hanging drop vapor diffusion in a well solution of
1.8 M ammonium sulfate and 100 mM sodium acetate trihydrate pH 4.4 at room
temperature. Crystals were transferred to a cryoprotectant solution of 2 M ammonium
sulfate, 100 mM sodium acetate trihydrate pH 4.4, 25% glycerol and 18% of a 1:1:1
ratio of 100% ethylene glycol, dimethylsulfoxide, and glycerol (EDG), and flash
frozen in liquid N». Diffraction data were collected at the Advanced Light Source on
beamline 5.0.1. Data were processed using DIALS and scaled using Aimless (within
CCP4). Phaser was used for molecular replacement, and Phenix Refinement and Coot
were used for structure refinement.

2.7 Data availability

Coordinates and structure factors for the Fab 3G12 - RSV G CCD S177Q complex
structure have been deposited in the Protein Data Bank under accession code 7T8W.

All other data has been made available in the manuscript.
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Chapter 3:

Unpublished work- Analyzing the interaction between RSV G and CX3CR1

3.1 Introduction
Respiratory syncytial virus (RSV) expresses its attachment glycoprotein (RSV G) as a
transmembrane protein and as a soluble secreted protein due to a second start codon
at Methionine 48 (93-95). Many receptors for RSV G have been reported including:
CX3CRI1, surfactant protein A (96, 97) and D (98, 99) , TLR4 (100-103), annexin II
(104), ICAM-1 (105-107), ATP1AL1 (108), and CCR3 (109). The most accepted RSV
G receptor is CX3CRI1 which is why Chapter 3 is dedicated to analyzing the
interactions between RSV G and CX3CRI1.

RSV G is thought to interact with the human chemokine receptor CX3CR1
for virus attachment to host cells and to modulate immune cell function. CX3CRI1 is a
seven transmembrane G protein coupled receptor with a Gau. It is expressed in
natural killer cells, monocytes, macrophages, dendritic cells, cytotoxic T cells, and
airway epithelial cells. The only ligand of CX3CR1 is CX3CL1 (fractalkine), which
in its membrane-bound form is used to attach rolling leukocytes which may depend
on the tyrosine sulfation of CX3CRI1 (110), and in its soluble form is used to induce
chemotaxis of CX3CR1" leukocytes. Although CX3CL1 and RSV G both contain a
CX3C motif, they do not share structural similarities (18, 45).

RSV G contains a CX3C motif (amino acids 182-186, Cysteine, three amino
acids, Cysteine) within the central conserved domain (CCD, amino acids 157-198)

(111). Several studies have investigated the possibility of CX3CRI1 to be a receptor
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for RSV infection due to the CX3C motif within RSV G. RSV G has been shown to
bind HEK293 cells that were transfected with CX3CR1 (23), however when heparin
was added to these cells, binding of RSV G was dramatically reduced suggesting that
most of the binding of RSV G to HEK293 cells expressing CX3CR1 was due to RSV
G’s heparin binding domain (aa 187-197). This study also showed that there was a
higher plaque reduction of Vero cells infected with RSV when heparin was added to
cells compared to RSV G (23). RSV G was shown to induce chemotaxis of mouse
leukocytes, however CX3CR1 expression was not measured, and an anti-CX3CR1
antibody did reduce this RSV G induced chemotaxis but did not fully block it, which
suggests that the chemotaxis observed was activated through an additional
receptor(s).

Other studies have also transfected CX3CR1 into different cell lines to
measure RSV G binding CX3CR1. Only 25-30% of CHOKI1 cells or CHOK1 cells
lacking heparin sulfate proteoglycans (HSPGs) (CHOK 1A HSPG) transfected with
CX3CRI1 expressed CX3CR1 (19). RSV internalization was higher in CHOK1A
HSPG expressing CX3CR1 cells compared to CHOK 1A HSPG not expressing
CX3CRI, however RSV internalization was also higher in CHOK1 cells compared to
CHOKI1 cells expressing CX3CR1, suggesting a preference for HSPGs for virus entry
when they are present on a cell (19). A separate study transfected CHOA745 cells
that express little to no HSPGs with CX3CR1 (21). They found that only 10% of cells
expressed CX3CR1, RSV infection increased in transfected cells, and that anti-

CX3CR1 and anti-RSV G antibodies decreased this infection (21). Another study
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transfected CHOpgsA-745 cells which have reduced expression of heparan sulfate
proteoglycans with cotton rat CX3CR1 (112). This study found that transfected cells
had increased RSV infection (112). While these studies show that CX3CR1 can
increase RSV infection, the expression of CX3CRI1 in these cell lines is poor or was
not measured.

More relevant in vitro cell models that express CX3CR1 have also been
investigated. Two studies conflicted on whether HSPGs are important for viral
infection of human airway epithelial cells (HAEC), which are a more relevant cell
model for RSV infection. Chirkova et al. (19) found that incubating HAEC with an
antibody to block HSPGs reduced RSV infection, however Johnson et al. (21) found
that adding soluble heparin sulfate to HAEC did not affect RSV infection. Both
studies found that an anti-CX3CR1 antibody reduced RSV infection. Another study
showed RSV co-localized with CX3CR1 in infected HAEC, specifically in the motile
cilia (20). These studies show that CX3CR1 and HSPGs may both be important for
RSV infection in HAEC.

The interaction of RSV G and CX3CRI has been investigated using animal
models. There is contradicting studies on whether mice lacking functional CX3CR1
have reduced lung viral loads. Johnson et al., (113) and Das et al. (114) found that
there was no difference in lung viral loads in mice lacking CX3CR1 compared to
control mice, however a separate study found that mice lacking CX3CR1 had reduced
lung viral loads compared to control mice (21). Furthermore, another study found that

cotton rats infected with RSV and pre-treated with PPMOS (peptide-conjugated
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phosphorodiamidate morpholino oligomers) to inhibit translation of CX3CR1 mRNA
had reduced lung and nose viral titers (112). This study also showed that incubating
RSV with the anti-RSV G antibody 131-2G, but not with soluble heparan sulfate or
soluble keratan sulfate, prior to infection reduced lung viral loads in cotton rats (112).
These studies show that there is substantial evidence but not a complete consensus
that CX3CR1 is an important receptor for RSV infection. Notably, infant mice
lacking a functional CX3CR1 and infected with RSV were found to have more
mucous producing goblet cells, higher mRNA levels of mucous producing genes,
higher neutrophil infiltration of the lungs, and higher yd T cells specifically IL-17" y3
T cells compared to wild-type mice (114). Treating CX3CR1 deficient mice with an
IL-1p blocker reduced the numbers of IL-17" yd T cells and treating with an IL-17
blocker reduced the inflammatory response discussed earlier (114). Furthermore,
RSV G has been shown to reduce CX3CR1" T cell trafficking to the lungs (24).
These studies show that while there is contradicting evidence on whether CX3CR1 is
an important receptor for RSV infection, CX3CR1 appears to be important in RSV-
induced inflammation and pathology.

The role of CX3CR1 in RSV infection in relation to RSV G has been
investigated using human immune cells. One study showed that the expression of
CX3CRI1, perforin, and IFN-y of white blood cells taken from infants with acute RSV
infection and bronchiolitis were similar to that of their uninfected controls, however,
white blood cells taken from infants in the convalescence phase had a lower

expression of CX3CRI1 and perforin (115). A different study found that neonatal
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regulatory B cells (nBregs) are permissive to RSV infection (116). IgM expressed by
nBregs recognizes RSV F, which can induce the expression of CX3CR1. RSV strains
expressing RSV G were better able to infect nBregs compared to an RSV strain
lacking RSV G. RSV infected nBregs secreted IL-10 when the RSV strain contained
a functional RSV G (116). IL-10 is an anti-inflammatory cytokine that can inhibit the
expression of Thl cytokines, which are needed for RSV clearance. These two studies
show that CX3CR1 expression on immune cells varies and may be associated with
RSV infection.

Anderson et al., found that CX3CR1 was expressed at low levels in the upper
respiratory tract and at even lower levels in the lower respiratory tract of human
infants (117). This study showed that the in vitro model of pediatric lung epithelial
cells (PHLE) expressed higher levels of CX3CR1 compared to Hep-2 cells. PHLEs
that expressed CX3CR1 were more permissive to RSV infection compared to PHLEs
that did not express CX3CR1, however CX3CR1 was not required for infection. An
anti-CX3CRI1 antibody and recombinant CX3CR1 reduced RSV infection of PHLESs
(117).

Many studies have rationalized the interaction of RSV G with CX3CR1 due to
the CX3C motif within the CCD of RSV G, similar to the CX3C motif in the human
ligand CX3CL1. However, while CX3CL1 and RSV G both contain a CX3C motif,
they do not share structural similarities (18, 45). Many studies have used an RSV
strain containing an additional alanine within the CX3C motif to create a virus with a

CX4C motif (aa 186 alanine) (19, 21, 112, 118), have mutated the CX3C motif (21,
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23, 112) or deleted the CX3C motif (20) to disrupt the CX3C-CX3CR1 interaction.
While differences are measured in cells and in animal models infected with RSV with
a mutated or deleted CX3C motif and wild type RSV, it should be noted that RSV
with a mutated/deleted CX3C does not infect or replicate as well as wild type RSV
and differences observed may be due to differences in replication and not necessarily
due to the disruption of RSV G-CX3CRI1. Normal human bronchial epithelial cells
(NHBE) incubated with soluble RSV G had decreased cilia related gene levels and
increased nucleolin mRNA levels, however the increase in nucleolin mRNA levels
was not significant even though NHBE infected with RSV CX4C had decreased
nucleolin levels and increased cilia related gene levels (118). These data show that
differences seen when using RSV CX4C may be due to the lack of a functional RSV
G and not necessarily to RSV G’s interaction with any receptor. Furthermore, our lab
has shown that the cysteines within the CX3C motif create disulfide bonds with
cysteines at amino acids 173 and 176 to create the cysteine loop, which is the only
rigid structure observed in the central conserved domain (18, 119). Our lab has also
shown that the insertion of the alanine in CX4C disrupts epitopes required for several
high affinity neutralizing antibodies (88) suggesting that the alanine disrupts the
cysteine loop structure.

Considering that there is contradicting evidence on the role CX3CR1 plays in
RSV infection specifically in relation to RSV G, I chose to analyze the interaction
RSV G has with CX3CR1 by various activity and binding assays using various cell

lines and forms of RSV G which are described in Chapter 3 below.
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3.2 Calcium Flux assay

3.2.1 Rationale

CX3CRI1, a human chemokine receptor on epithelial and immune cells, is a G-protein
coupled receptor (GPCR) that is involved in calcium flux pathway when it is
activated. CX3CR1 has been thought to interact with RSV G in vivo for virus
attachment. THP-1 cells are a monocyte-like cell line that expresses CX3CR1. I
attempted to measure calcium influx of THP-1 cells by incubating the cells in a buffer
containing calcium and activating CX3CR1 with RSV G 157-197 and RSV G** to
induce calcium influx. Activity was measured by detecting fluorescence using the

ester form of a calcium indicator molecule Fluo-4 AM using a plate reader or FACS.

3.2.2 Material and methods

THP-1 cells were resuspended in 1X HBSS, 20 mM HEPES, 2.5 mM Probenecid, pH
7.4 (buffer). Cells were incubated with 5SuM Fluo-4 AM (F14201 Thermofisher
Scientific) in the dark for 30 minutes at room temperature. Cells were washed twice
and resuspended in buffer and incubated for 30 minutes at room temperature in the
dark. Cells were aliquoted out as follows: 90,000 cells per well in 200 uL in a 96-well
black bottom, poly-L-lysine coated plate for plate reader measurement (Perkin Elmer
EnVision Xcite) at 494 nm excitation and 506 nm emission, and 500,000 cells per

sample in 500 uL in eppendorf tubes for FACS (FACS LSRII) measurement using the
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FITC channel. For plate reader measurement, negative controls were “blank” (no
ligand added), “HBSS” (buffer added), “PBS” (Phosphate buffered saline added), and
fetal bovine serum (FBS) was the positive control. RSV G 157-197 was used at 1.33
uM and 0.13 uM, and RSV G ecto wild type (WT) was used at 0.97 uM. For FACS
measurement, negative controls were “not loaded” (cells incubated with DMSO,
0.02% Pluronic F-127 instead of Fluo-4 AM), “loaded” (no ligand added), “PBS”
(PBS added), and FBS was used as a positive control. RSV G*** WT was used at 1

uM.

3.2.3 Data: Calcium flux using plate reader
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Figure 4: Fluorescence measurement of CX3CRI activation on THPI cells measured
by Perkin Elmer EnVision Xcite at 494 nm.

A) Negative controls: Blank (no ligand), HBSS (1X HBSS, 20 mM HEPES, 2.5 mM
Probenecid, pH 7.4), PBS (Phosphate buffered saline), and positive control: fetal
bovine serum (FBS). RSV G 157-197 used at 1.33 uM and RSV G**® WT 0.97 uM.
One replicate per sample. B) Same controls, RSV G 157-197 0.13 uM. Samples were
done in triplicate and error bars represent SD.
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3.2.4 Data: Calcium flux using FACS
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Figure 5: Fluorescence measurement of CX3CRI activation on THPI cells measured
by FACS LSRII using the FITC channel.

A/B) Negative controls: Not loaded (cells incubated with DMSO, 0.02% Pluronic F-
127 instead of Fluo-4 AM), Loaded (no ligand), PBS (Phosphate buffered saline),

positive control: FBS (fetal bovine serum). RSV G** was used at 1 uM. One
replicate per sample.

3.2.5 Conclusion

RSV G 157-197 and RSV G *® were used to activate CX3CR1 and induce calcium
influx into THP1 cells. Activation was measured by reading fluorescence of Fluo-4
AM that binds calcium ions in the cells. Measurements were taken using a plate
reader and through FACS. CX3CRI activation was not detected either way.
Fluorescence was similar between negative and positive controls, and RSV G. The
time it took to add the ligand and take the measurement was about 20 seconds, which
was too slow suggesting peak calcium influx was missed every time. Future studies
should consider a method where adding the ligand and having calcium flux measured

takes a few milliseconds to less than 20 seconds.
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3.3 Chemotaxis assay

3.3.1 Rationale

RSV G is a membrane bound glycoprotein on the surface of RSV. RSV G also exists
in a secreted soluble form due to a second start codon. RSV G contains a heparin
binding domain at amino acids (aa) 187-197 that interact with heparan sulfate
proteoglycans on host cells. The secreted form of RSV G can modulate the immune
response and compete with Fractalkine (CX3CL1) for binding to CX3CR1 and
modulate chemotaxis of T and NK cells.

THP1 cells are monocyte-like (immune) cells that express CX3CR1. RSV G
has been shown to induce chemotaxis of THP1 cells. I attempted to block RSV G
induced chemotaxis of THP1 cells by two methods. The first method of blocking
chemotaxis was by using anti-RSV G antibodies to prevent RSV G from interacting
with CX3CR1. The second method of blocking chemotaxis was to create RSV G
mutant proteins with a single-point mutation in the Central Conserved Domain (CCD,
aa 157-197) to disrupt the interaction RSV G has with CX3CRI.

Refer to Chapter 2 section 2.6.1 for RSV G mutant protein details.

3.3.2 Chemotaxis counting with trypan blue and a hemocytometer 12 well or 96 well

format
3.3.2.1. Materials and methods
THP1 cells were washed two times in RPMI 1640 1X (media) by centrifugation at 0.5

rcf for five minutes at room temperature. Cells were resuspended in media at

2,000,000 or 200,000 or 300,000 cells (for 100,000 or 200,000 cells) per sample in
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250 uL or 75 uL for a 12 well or 96 well transwell respectively. Media and the
chemoattractant were added to the bottom chamber of a transwell (420 uL or 235 uL.
per sample). Cells were added to the top chamber containing an 8§ um pore membrane.
Transwells were incubated for five hours, at 37C, 5% CO?. A 10 uL aliquot was
removed from the bottom chamber after the five hours and mixed with 10 uL of
trypan blue to count cells using a hemocytometer. Alternatively, the volume of the
bottom chamber was centrifuged after the five hours for two minutes, 2000 rcf at
room temperature and cell pellets were resuspended in 20 uL of trypan blue for cell
counting.

Phosphate buffered saline (PBS) was used as a negative control. Fetal bovine
serum (FBS) was used as a positive control. RSV G 157-197 soluble and refolded,
RSV G WT and mutants were tested at various concentrations.

For samples containing anti-RSV G monoclonal antibodies (mAbs) or
fragment antigen binding (Fab), RSV G was incubated with these on ice for 20
minutes to 1 hour prior to adding to the bottom chamber. Anti-RSV G mAbs were
obtained from Trellis BioScience. Fabs were prepared using the Pierce Fab
Preparation Kit (ThermoFisher Scientific 44985). For samples with the polyclonal
anti-CX3CRI1 antibody (pAb, ThermoFisher Scientific PA5-19910), 2 uL of pAb
were added to the top chamber with the cells and incubated for 30 minutes at room
temperature prior to assembling and incubating the chambers. For samples

containing heparin sodium salt from porcine (HS, Sigma Aldrich H3393-25KU), HS
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was incubated with the sample on ice for 1 hour prior to adding to the bottom

chamber.

3.3.2.2 Data
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Figure 6: Soluble or refolded RSV G 157-197 do not induce chemotaxis of THP1
cells.
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A/B) FBS and RSV G** WT (1.19 and 1 uM) were used as positive controls and
PBS was used as a negative control. RSV G 157-197 was used at various
concentrations. Both forms of RSV G 157-197 were expressed in E. coli as a soluble
form and refolded from the cell pellets. Cells of the bottom chamber were centrifuged
and resuspended in trypan blue for cell counting. Samples were used in triplicates and
error bars represent SD. C) Soluble RSV G 157-197 (lane 1, 5kD) contains E. coli
contaminants, which may induce chemotaxis. Refolded RSV G 157-197 (lane 2,
5kD).
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Figure 7: RSV G WT induced chemotaxis of THPI cells in a concentration
dependent manner.

THP1 cells were incubated in the top chamber of a 96 well transwell and FBS
(positive control), PBS (negative control) were added to the bottom chamber. A) RSV
G**WT at 1.33 uM, 1.0 uM, 0.67 uM, or 0.27 uM was added to the bottom chamber.
Cells of the bottom chamber were centrifuged and the pellet was resuspended in
trypan blue for cell counting. Samples were done in duplicate and error bars represent
SD. B/C) RSV G WT was used at 1.29, 0.96, 0.645, and 0.258 uM added to the
bottom chamber. Cells of the bottom chamber were centrifuged and resuspended in
trypan blue for cell counting. One replicate per sample.
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Figure 8: Anti-CX3CRI polyclonal antibody slightly reduces RSV G*° WT induced
chemotaxis of THPI cells, however anti-RSV G 3G12 monoclonal antibody or
fragment antigen binding region do not.

THPI1 cells were incubated in the top chamber of a 96 well transwell. FBS was the
positive control and PBS was the negative control. A) The anti-CX3CR1 polyclonal
antibody (pAb) was incubated in the top chamber with the cells for 30 minutes. The
anti-RSV G 3G12 fragment antigen binding region (Fab, 2.58 uM) was preincubated
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with RSV G WT at 1.29 uM at room temperature for 20 minutes. RSV G*** WT at
1.29 uM. 0.96 uM, and 0.64 uM, and 1.29 uM with 3G12 Fab were added to the
bottom chamber. Cells in the bottom chamber were centrifuged and re-suspended in
trypan blue for cell counting. All samples except those with Fab or pAb were done in
duplicate and error bars represent SD. B) RSV G and RSV G 157-197 were used at
1.29 uM and 6.28 uM. 3G12 monoclonal antibody (mAb) and Fab were used at 5.16
uM. An anti-IgG Fab was used as a control at 5.16 uM. The anti-CX3CR1 pAb was
used at 0.18 uM and incubated with the cells for 36 minutes before transwell
assembly. One replicate per sample. Cells in the bottom chamber were centrifuged
and resuspended in trypan blue for cell counting.
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Figure 9: 3G12 mAb or Fab does not reduced RSV G*° WT induced chemotaxis of
THPI cells, and RSV G 157-197 does not induce chemotaxis of THPI cells.

THPI cells were incubated in the top chamber of a 96 well transwell and
chemoattractants were added to the bottom chamber. FBS was used as a positive
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control and PBS was used as a negative control. A) RSV G*** WT was used at 1.21
uM and 0.91 uM with and without 3G12 mAb at 3.64 uM and 2.73 uM respectively.
RSV G 157-197 was used at 0.9 uM with and without 3.2 uM 3G12 mAb. All
samples were done in triplicate and error bars represent SD. B) RSV G**** WT was
used at 1.33 uM with and without 3.64 uM of 3G12 mAb, and RSV G 157-197 was
used at 2.89 uM. All samples were done in triplicate and error bars represent SD. C)
RSV G WT was used at 1.29 uM alone, with 3.64 uM of 3G12 mAbD, or 2.58 uM
3G12 Fab. One replicate per sample. D) 3G12 mAb alone at 5.16 uM was used as a
negative control. RSV G*** WT was used at 1.29 uM alone, with 5.16 uM of 3G12
mAb, or 5.16 uM 3G12 Fab. One replicate per sample. Cells were centrifuged after
five hours of incubation and resuspended in trypan blue for cell counting.
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Figure 10: A newer prep of 3G12 Fab reduced RSV G*° WT induced chemotaxis of
THP] cells by half, however 2D10 mAb or Fab do not reduce chemotaxis.
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THP1 cells were incubated in the top chamber of a 96 well transwell, and
chemoattractants were incubated in the bottom chamber for five hours. A) PBS was
used as a negative control. RSV G** WT was used at 1.29 uM and 3G12 Fab (new
prep and old prep) and 2D10 mAb were used at 5.16 uM. One replicate per sample.
Cells of the bottom chamber were centrifuged and resuspended in trypan blue for cell
counting. B) PBS and cells alone were used as negative controls. 3G12 mAb and Fab
and 2D10 mAb and Fab alone were used as negative controls. An anti-human IgG
Fab was used as a negative control and Fc control. FBS was used as a positive
control. RSV G*¢** WT was used at 1.29 uM. All mAbs and Fabs were used at 5.16
uM, except anti-CX3CR1 pAb used as 0.18 uM. Samples were done in triplicate and
error bars represent SD. Cells of the bottom chamber were centrifuged and
resuspended in trypan blue for cell counting.
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Figure 11: Heparin sodium salt from porcine reduces RSV G*° WT induced
chemotaxis of THPI cells.

FBS was used as a positive control and HBSS was used as a negative control. RSV
Ge> WT was used at 1 uM with and without 10 ug/ mL of heparin sodium salt from
porcine. A) Cells of the bottom chamber were centrifuged and resuspended in trypan
blue for cell counting. Samples were done in triplicate and error bars represent SD.
B) A 10 uL aliquot was taken from the bottom chamber and added to 10 uL of trypan
blue for cell counting. Samples were done in triplicate and error bars represent SD.

3.3.3 Chemotaxis using calcein dye

Calcein AM is cell permeable and is fluorescent when it is cleaved by intracellular

esterases. I chose to add calcein dye to cells after chemotaxis to get a better
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measurement of chemotaxed cells compared to counting cells using trypan blue and a
hemocytometer. Counting with a hemocytometer gave too much variability and it was
hard to see cell pellets when I centrifuged the cells to resuspend in trypan blue. Cell
counting was automated using calcein dye and fluorescence was directly proportional
to the number of chemotaxed cells.

3.3.3.1 Materials and methods

THP1 cells were washed three times with HBSS by centrifuging for five minutes at
room temperature at 0.5 rcf. Cells were resuspended in HBSS with 2.5 mM
probenecid for 2,000,000 cells per well in 250 uL per sample. Cells were incubated in
the top chamber of a 12 well transwell with 8 um pore size. Chemoattractants were
incubated in the bottom chamber in 430 uL per well. Transwells were incubated for
five hours at 37C, 5% CO2. After incubation 500 uL of cells in the bottom chamber
were added to new wells, and 1.25 mM calcein AM dye was added to the cells in the
dark. Cells were incubated for 30 minutes at 37C, 5% CO2. To measure chemotaxis,
150 uL of dyed cells were added to a 96 well black plate for fluorescence reading

using the Perkin Elmer EnVision Xcite at 485 nm excitation and 520 nm emission.
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3.3.3.2 Data-12 well
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Figure 12: RSV G WT induced chemotaxis of THPI cells is concentration
dependent and requires higher concentrations.

THPI cells were incubated in the top chamber of a 12 well transwell and
chemoattractants were incubated in the bottom chamber. FBS was used as a positive
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control and PBS was used as a negative control. A) RSV G ecto WT was used at 75,
50, 25, 15, and 5 nM concentrations. One replicate per sample. B) RSV G** WT was
used at 1.15 uM. Controls were done in triplicate and error bars represent SD. C)
RSV G WT was used at 1 uM, 500, 200, 100, and 50 nM concentrations. D) RSV
G WT was used at 500 nM. Samples were done in triplicate and error bars
represent SD. Calcein dye was added to cells of the bottom chamber for fluorescence
reading.
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Figure 13: 3G12 and 3D3 mAb, 3D3 Fab, and anti-CX3CRI1 pAb slightly reduce RSV
G WT induced chemotaxis of THP1 cells, however 3D3 and 2D10 scFvs do not.
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THP1 cells were incubated in the top chamber of a 12 well transwell and
chemoattractants were added to the bottom chamber. FBS was used as a positive
control and PBS was used as a negative control. A) 3G12 mAb alone at 2500 nM was
used as an additional negative control. RSV G** WT was used at 500 nM with and
without antibodies. 3G12 and 3D3 mAb, 3D3 Fab, and 3D3 and 2D10 scFv were
used at 2500 nM. The anti-CX3CR1 pAb was used at 0.05 uM and incubated with the
cells in the top chamber before transwell assembly. Samples were done in triplicate
and error bars represent SD. B) RSV G*** WT or S177Q were used at 500 nM. The
anti-RSV G mAb, 1G1, was used at 2500 nM. Samples were done in triplicate and

error bars represent SD. Calcein dye was added to cells in the bottom chamber for
fluorescence reading.
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Figure 14: The E166K, CX4C, or S177 single point mutations do not reduce RSV
G°“* induced chemotaxis of THPI cells.

A/B) FBS was used as a positive control and PBS was used as a negative control.
RSV G*** WT, S177Q, S177R, S177W, E166K, and CX4C were used at 500 nM.

Samples were done in triplicate and error bars represent SD. Calcein dye was added
to the cells of the bottom chamber for fluorescence reading.
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3.3.4 Chemotaxis counting with hoechst stain and molecular devices imagexpress

Counting chemotaxed THP1 cells using trypan blue and a hemocytometer led to too
much variability and measuring fluorescence with calcein dye as a correlation for
chemotaxed cells was not reproducible, which is why my next approach involved
adding Hoechst stain to my chemotaxed cells. Hoechst stain is a cell permeable dye
that binds DNA. The Molecular Devices ImageXpress imager can count nuclei using
the DAPI channel and Hoechst stained cells. I added Hoechst stain to cells from the

bottom chamber to count chemotaxed cells. The methods and results are below.

3.3.4.1 Materials and methods

THP1 cells were washed three times with 1X HBSS. Cells were resuspended in 1X
HBSS for 100,000 cells in 75 uL per well of a 96 well transwell. Chemoattractants
(samples) were added to the bottom chamber in a total of 235 uL in HBSS.
Transwells were assembled and incubated for five hours at 37C, 5% CO2. An aliquot
of 200 uL were removed from the bottom chamber after five hours of incubation and
added to a 96 well black, clear bottom, tissue culture treated plate. Hoechst stain at
0.0016 mM were added to each well and incubated with 10 minutes at 37C, 5% CO2.

Nuclei were counted using Molecular Devices ImageXpress.
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3.3.4.2 Data
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Figure 15: Using hoescht stain reduces variability of counting RSV G**> WT induced
chemotaxed THPI cells.

FBS was used as a positive control and PBS was used as a negative control. A) THP1
cells were incubated in a 12 well transwell. RSV G was used at 0.33, 0.1, 0.03 and
0.01 uM. Samples were done in duplicate and error bars represent SD. B-D) THP1
cells were incubated in a 96 well transwell. Samples were done in triplicate and error
bars represent SD. B) RSV G**® WT was used at 1.25 uM. C) RSV G**®* WT was
used at 1.29, 0.97, 0.64, and 0.26 uM. D) RSV G** WT was used at 1.2, 0.96, 0.6,
and 0.24 uM.
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Figure 16: 3G12 Fab and mAb with and without Fc blocker reduce RSV G WT
induced chemotaxis of THP1 cells as does Fc blocker alone.

THPI cells were incubated in the top chamber of a 96 well transwell and
chemoattractants were added to the bottom chamber. FBS was used as a positive
control and PBS was used as a negative control. Fc blocker was added to the top
chamber with cells for five minutes at room temperature before transwell assembly.
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Samples were done in triplicate and error bars represent SD. A) 3G12 mAb alone was
used at 5.16 uM as a negative control. Fc blocker alone was used as an additional
negative control. RSV G*** WT was used at 1.29 uM.with and without 3G12 mAb
and Fc blocker. B) Same samples as (A) with TRL308A (isotype control) as an
additional negative control with and without Fc blocker. 3G12 mAb with Fc blocker
alone was used as another negative control. RSV G*** WT was used at 1.29 uM in
samples with Fc blocker in the top chamber. C) Same samples as (A) with varying
volumes of Fc blocker added to the top chamber.
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Figure 17: Fc blocker in the bottom chamber reduces RSV G**> WT induced
chemotaxis of THPI cells more than in the top chamber, and RSV G*"° S§177Q,
E166K, and CX4C still induce chemotaxis of THPI cells.

FBS was used as a positive control and PBS was used as a negative control. A) Fc
blocker alone in the bottom chamber was used as an additional negative control. RSV
G WT was used at 1.29 uM alone, with Fc blocker in the top chamber, or the
bottom chamber. RSV G*¢** CX4C was used at 1.29 uM. Samples were done in
triplicate and error bars represent SD. B) RSV G**** WT, S177Q, and E166K were
used at 1.29 uM. Samples were done in triplicate and error bars represent SD.
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Figure 18: Heparin sodium salts from porcine (heparin) reduces RSV G WT
induced chemotaxis of THP1 cells, and Fractalkine does not induce chemotaxis.

Nuclei 1.41 mm X 1.4] mm

Heparin was used at 10 ug/mL. FBS was used as a positive control with and without
heparin. Buffer (1X HBSS) was used as a negative control with and without heparin.
Fractalkine and RSV G**® WT were used at 1.29 uM with and without heparin.
Samples were done in quadruplicates and error bars represent SD.
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Figure 19: CX3CRI is slightly knocked down in THPI cells.

Two cell lines were grown with one (named Guide 2) or two (named Guide 1 + 2)
RNA guides to knockdown CX3CRI1. Experiments, data, and figure by Dr. Sara
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O’Rourke. “Lines were treated for 72 hours with 4 ug/mL of puromycin, 1 mM
sodium butyrate at 34C then returned to 2 ug/mL puromycin at 37C to induce Cas9
production.” THP1 cells were stained for CX3CR1 using PE rat anti-human CX3CR1
clone 2A9-1 isotype rat IgG2b, k and with PE rat anti-mouse Valpha2 TCR as an
isotype negative control. Stained THP1 cells shown in red, knockdown THP1 cells
shown in blue, and THP1 cells stained with the isotype control shown in yellow.

Table 3: RNA guides for CX3CR1 Knockdown in THPI cells

1 F7 non-targeting F7 non-targeting control guide
control guide

2 F12 non-targeting | CCGGTGATGCTACCAGACTA
control guide

3 anti-CX3CR1 CACGATGTCCCCAATATAAC
guide#l

4 anti-CX3CR1 TTGGCTGAGGCCTGTTATAT
guide#2

5 anti-CX3CR1 AAACTTTGAGTACGATGATT
guide#3

6 anti-CX3CR1 CATCAGCATTGATAGGTACC
guide#4

7 anti-CX3CR1 AACAACCGGACCGTGCAGCA
guide#5

8 anti-CX3CR1 ATGCCTTGGTGACTACCCCG
guide#6

9 anti-CX3CR1 TGCTTTGTGAACATGAACTG
guide#7

10 | anti-CX3CR1 GAGAACCACCTTGTTGGTAAATGTCGGTGACACTCTGTTTAAGAGCTATGCTGGAAACAG
guide#8
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11 | anti-CX3CRI1 GAGAACCACCTTGTTGGTGACGCCATGCTGCACGGTCGTTTAAGAGCTATGCTGGAAACA

guide#9

12 | anti-CX3CR1 GAGAACCACCTTGTTGGTGACTACCCCGAGGTCCTCCGTTTAAGAGCTATGCTGGAAACAG
guide#10

13 | anti-CX3CR1 GAGAACCACCTTGTTGGACAGTCAGCTCTCATTAATG GTTTAAGAGCTATGCTGGAAACA
guide#11

14 | anti-CX3CR1 GAGAACCACCTTGTTGGGACTTCTTCCACCATGAGCGTTTAAGAGCTATGCTGGAAACA
guide#12

15 | anti-CX3CRI1 GTTTCCACATTGCGGAGCAC

guide#13 (Guide

D

16 | anti-CX3CR1 ATTGGGGACATCGTGGTCTT
guide#14 (Guide

2)

3.3.5 Conclusion

RSV G is thought to interact with CX3CR1 on epithelial and immune cells in vivo for
virus attachment. RSV G**® WT has been shown to induce chemotaxis of THP-1 cells
a monocyte-like cell line that expresses CX3CR1 in a transwell assay. However anti-
G antibodies and an anti-CX3CR1 antibody did not completely block chemotaxis.
Additionally, adding Fc blocker to the top of the transwell with the cells or bottom
chamber partially blocked chemotaxis of THP-1 cells induced by RSV G***°. These
data suggest that RSV G*** WT may be inducing chemotaxis of THP-1 cells through
a receptor other than or in addition to CX3CRI1.

There have been three attempts to create a CRISPR CX3CR1 knockout of
THP-1 cells (one attempt by Dr. Sergio Covarrubias, one attempt by me, and one

attempt by Dr. Sara O’Rourke). These attempts to create the knockout cell line used
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12 guide RNAs in total and were done through lentivirus transduction (Table 1). Dr.
O’Rourke worked on a fourth attempt at creating this cell line through electroporation
of THP-1 cells of the Cas9 and guide RNA plasmids (Table 1). The new guide RNA
plasmids have a human U6 promoter as opposed to a murine U6 promoter that was
used in the lentivirus transductions. The guides that were used are from a commercial
THP-1 CX3CRI1 knockout cell line and an available commercial plasmid (Table 1).
Dr. O’Rourke has shown that THP-1 cells can be electroporated and has shown
partial knockdown of CD44 as a control and CX3CR1, however the cells were not

able to be sorted with the FACS Aria Ilu. because the instrument got clogged.
3.4 cAMP assay

3.4.1 Rationale

I chose to pursue a different cellular assay to test the activation of CX3CR1 because
the chemotaxis assay counting chemotaxed cells using trypan blue and a
hemocytometer resulted in too much variability. The cAMP assay was being
developed before the other counting methods for the chemotaxis assay.

CX3CR1 is a GPCR with a Gai subunit. Activation of GPCRs with a Gaii
subunit inhibit cAMP induction. Forskolin is a small molecule that can increase levels
of cAMP in cells. I stimulated THP-1 cells with forskolin (reconstituted in DMSO)
and measured cAMP inhibition by attempting to activate CX3CR1 with RSV G,
cAMP inhibition was measured by fluorescence and luminescence using a plate

reader.
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The fluorescence measurement of cAMP levels was taken using the Bride-It
cAMP all in one Fluorescence Assay from Mediomics. For this assay, two
fluorescence signals are introduced as hangovers of double stranded DNA. CAP, a
bacterial DNA binding protein, is active in the presence of cAMP and binds the DNA
to quench the fluorescence probes to give off fluorescence as a measure of cAMP
levels. Activity of CX3CR1 is inversely proportional to fluorescence signals because
it decreases cAMP levels. 10X KRB-IBMX Buffer (10X Krebs-Ringers Bicarbonate
Buffer containing 7.5 mM of phosphodiesterase inhibitor IBMX) is used to inhibit
intracellular phosphodiesterase breakdown of cAMP.

The luminescence measurement of cAMP levels was taken using the cAMP-
Glo Assay from Promega. When CX3CR1 is activated, the alpha subunit dissociates
from the GPCR and is free to inhibit cCAMP. Meanwhile, free cAMP can bind to
inactive protein kinase A holoenzyme. The binding of cAMP to this protein causes
the catalytic subunit to be free thus have an active protein kinase A, which can be
phosphorylated by the terminal phosphate of ATP. ATP levels are measured using the
luciferase-based Kinase-Glo reagent. The levels of cAMP are inversely proportional
to ATP levels thus luminescence levels because higher levels of cAMP cause ATP to
be consumed, which results in lower luminescence levels. Active CX3CR1 decreased

cAMP levels which should result in high luminescence levels.

3.4.2 Materials and methods fluorescence measurements

THP1 cells were washed twice with warm (37C) DPBS by centrifuging 1000 xg, two

and a half minutes, at room temperature. Cells were resuspended in KRB-IBMX
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buffer for 15,000 cells in 10 uL per well and incubated at room temperature for 15
minutes. Cells were added to a black 384 well plate. Samples were added including
forskolin, and the plate was incubated for 20 minutes rotating at room temperature.
An aliquot of 10 uL of “cAMP all in one solution” (one tube of Solution A mixed
with one tube of 10X lysis buffer) was added to each well. The plate was covered
with foil paper and incubated for 30 minutes rotating at room temperature.
Fluorescence measurements were taken using the Perkin Elmer EnVision Xcite plate

reader with excitation at 485nm and emission at 540 nm.

3.4.3 Fluorescence reading data
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Figure 20: Fractalkine or RSV G* WT do not fully inhibit cAMP levels.

Fractalkine was incubated with 2 or 0.5 uM of forskolin. RSV G**** WT was used at
2.55 or 17.85 uM with and without 0.5 or 1 uM of forskolin. Fluorescence
measurements were taken at 485 nm. Samples were done in triplicate and error bars
represent SD.
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3.4.4 Materials and methods luminescence measurements

THP1 cells were washed twice with KRB IBMX buffer (buffer) by centrifuging at
2000 rcf for two minutes at room temperature. Cells were resuspended in buffer for
15,000 cells in 10 uL per well. An aliquot of 10 uL of cells were added to a 96 well
white, clear bottom plate. Samples were added to the cells and incubated for 1 hour at
room temperature. Forskolin was added to the cells and incubated for 45 minutes at
room temperature. In the dark, 20 uL of cAMP Glo lysis buffer was added to each
well and incubated for 20 minutes at room temperature. 40 uL of cAMP Detection
Solution (2.5 uL Protein Kinase A, 1 mL cAMP-Glo Reaction buffer) were added to
each well and incubated for 20 minutes at room temperature. 80 uL of Kinase-Glo
reagent were added to each well and incubated for 10 minutes at room temperature.

Luminescence was measured using Perkin Elmer EnVision Xcite plate reader.

3.4.5 Luminescence reading data
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Figure 21: RSV G WT does not seem to inhibit cAMP levels thus does not activate
CX3CRI.

KRB IBMX (Buffer) was added to the cells alone as a negative control. A) Forskolin
at 0.006 uM alone was used as a positive control for high cAMP levels. RSV G&*°
WT was used at 600 nM. Samples were done in triplicate and and error bars represent
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SD. B) Forskolin alone was used at 0.0046 uM as a positive control for high cAMP
levels. RSV G WT was used at 650, 700, or 750 nM. One replicate per sample.

3.4.6 Conclusion

There was variation in the induction of cAMP by forskolin. Higher concentrations of
forskolin alone reduced fluorescence. These data indicate that instead of inducing
cAMP levels, forskolin reduced cAMP levels resulting in less fluorescence quenching
by CAP and lower fluorescence levels overall. Forskolin was reconstituted in DMSO.
It is possible that the higher levels of forskolin was inadvertently higher levels of
DMSO that the cells could not handle resulting in lower overall cAMP levels.

There was a lot of variability in the luminescence experiments in whether
forskolin reduced luminescence by inducing cAMP levels or if RSV G*** WT
induced luminescence by inhibiting cAMP and maintaining the cell’s ATP levels.

Appropriate positive and negative controls for cAMP induction and inhibition
are needed to be able to accurately interpret results of the differences seen for
forskolin alone compared to RSV G**® WT or RSV G*** WT with forskolin. The
slight differences seen in some of these samples are not able to be interpreted without

such controls.
3.5 Binding Assay

3.5.1 Rationale

CX3CR1 has been thought to interact with RSV G in vivo for virus attachment. THP-
1 cells are a monocyte-like cell line that expresses CX3CR1, and our collaborators,

Dr. Ralph Tripp’s lab in Athens, Georgia, has made a stable cell line of HEK293 cells

77



that overexpress CX3CR1 (HEK293.CX3CR1). Since activation of CX3CR1 by RSV
G has not been measured by the calcium flux, chemotaxis, or cAMP assays, I thought
that RSV G may bind to CX3CRI1, but not activate it.

To test binding of RSV G to CX3CR1, I created an RSV G CCD (aa 157-197
or 157-191) protein fused to GFP to test binding to THP1 or HEK.CX3CR1 cells
using the FITC channel on the FACS LSR II. I have also tried measuring binding of
RSV G to these cells by probing with an anti-His antibody conjugated to a
fluorophore to measure fluorescence thorough FACS LSR II and the FITC channel.
Additionally, I have expressed and purified RSV G*** with an Avi tag that I
biotinylated and have tried to measure binding by FACS LSR 1II using fluorescent
Streptactin and Streptavidin that bind to biotinylated proteins (see conclusions in

section 3.5.6).

3.5.2 Binding using GFP fusion (157-197 & 157-191) materials and methods

THP1 cells were washed twice by centrifuging at 0.5 rcf, for five minutes at room
temperature. Cells were resuspended in 1X RPMI for 500,000 cells in 25 uL per well.
An aliquot of 25 uL of cells was added to a 96 well black plate. Samples were added
to the cells in 25 uL. The plate was incubated for 1 hour at 37C, 5% CO2. Cells were
washed twice with DPBS and resuspended in DPBS at 500 uL per sample. Binding
was detected using the FACS LSR II using the FITC channel. DPBS and GFP alone
were used as a negative controls. RSV G 157-197 was fused to GFP to create the

GFP-G 157-197 and 157-191 fusion proteins.
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3.5.2.1 Binding using GFP fusion (157-197 & 157-191) data
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Figure 22: RSV GFP-G 157-197 binds to THPI cells.

% Fluorescent THP1 cells

PBS and GFP at 50 and 500 nM and 5 uM were used as negative controls. RSV GFP-
G 157-197 was used at 50 and 500 nM and 5 uM. Fluorescence was measured using
the FITC channel. One replicate per sample.
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Figure 23: RSV G 157-197 binds to THPI cells and anti-RSV G mAb 3D3 increases
this binding.

% Fluorescent THP1 cells (485 nm)

PBS and GFP at 2 and 5 uM were used as negative controls. GFP at 5 uM with 3D3
mADbD at 10 uM was used as an additional negative control. RSV GFP-G 157-197 was
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used at 2 and 5 uM. RSV G 157-197 was also used at 5 uM with 10 uM of 3D3 mAb.
Fluorescence was measured using the FITC channel on the LSR II. One replicate per
sample.
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Figure 24: Anti-RSV G Fab 3D3 slightly reduces RSV G 157-197 binding to THPI

cells.
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PBS was used as a negative control and GFP at 2 or 5 uM with and without 3D3 Fab
at 10 or 20 uM were used as negative controls. One replicate per sample. A) GFP at 5
uM with 10 uM of 3G12 Fab was used as an additional control. RSV GFP-G 157-197
was used at 5 uM with and without 3D3 and 3G12 Fab at 10 uM. B) RSV GFP-G
157-197 was used at 5 uM with and without 3D3 Fab at 10 uM. C) RSV GFP-G 157-
197 was used at 5 uM with and without 20 uM of 3D3 Fab. D) RSV GFP-G 157-197
was used at 2 and 5 uM alone and with 8§ uM or 20 uM of 3D3 Fab respectively.
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Figure 25: RSV GFP-G 157-191 reduces binding to THPI cells.

PBS and GFP at 5 uM were used as negative controls. One replicate per sample. A)
RSV GFP-G 157-197 and 157-191 were used at 5 uM. B) RSV GFP-G 157-197 and
157-191 were used at 5 uM with and without 20 uM of 3D3 Fab.

3.5.3 Binding using anti-His antibody

Given that the RSV GFP-G 157-191 construct led to much lower binding to THP1

cells, full length RSV G (RSV G****) was tested for binding to THP1 cells. RSV G**°
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contained a 6X His tag that was used to measure fluorescence using a fluorescent
anti-His antibody.

3.5.3.1 Materials and methods

THPI1 cells were washed and resuspended in 1X HBSS to get 500,000 cells in 100 uLL
per well. Cells were added to a 96 well plate and RSV G**® WT was incubated with
the cells for 1 hour either at 37C at 5% CO2 or 4C. Cells were washed and
resuspended in HBSS. Mouse monoclonal IgG2b anti-His-FITC was added either at
1:500 for 1 hour at 37C, 5% CO2 or 1:100 dilution for 20 minutes at 4C. Cells
incubated at 37C were washed and resuspended in 500 uL HBSS. Cells incubated at
4C were centrifuged and resuspended in 500 uL HBSS. Fluorescence was measured

using the FITC channel on the FACS LSR 1L
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Figure 26: There is some binding of RSV G*"° to THP1 cells at 4C.

PBS was used as a negative control. One replicate per sample. A) Cells were
incubated at 37C, 5% CO2. RSV G** WT was used at 4.34 uM. B) Cells were
incubated at 4C. Anti-His Ab at 1:100 dilution was used as an additional negative
control. RSV G*** WT was used at 5 uM.
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3.5.4 Binding using Fluorescent Streptactin

Detecting RSV G WT binding to THP1 cells using an anti-His antibody led to high
background; however, cells were not washed after the addition of the anti-His Ab in
Figure 23B. Due to the high fluorescence background, a different approach was taken
to measure RSV G**° binding to THP1 or HEK.CX3CR1 cells. RSV G*** contains
two Strep tags. Fluorescent Streptactin binds to Strep tags and can be used to measure

binding of RSV G**** to THP1 or HEK.CX3CRI1 cells.

3.5.4.1 Materials and methods

RSV G**** was mixed with Fluorescent Streptactin XT DY 488 (IBS 2-1562-050) on
ice for 1 hour. THP1, HEK.CX3CR1, or HEK293 cells were washed twice with PBS,
1% BSA and resuspended in PBS, 1% BSA for 500,000 cells in ~125 uL. RSV G*®¢*°
+ Streptactin were added to the ells and incubated on ice for 1 hour. Cells were

centrifuged and resuspended in 500 uL of PBS, 1% BSA. Fluorescence was measured

using the FITC channel on the FACS LSR 1L
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3.5.4.2 Data
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Figure 27: RSV G°“® does not bind THPI cells.
PBS or Streptactin at 2.5 or 5 uM were used as negative controls. One replicate per
sample. A) RSV G was used at 0.5, 1, and 2.5 uM with and without equal

concentrations of fluorescent streptactin. B) RSV G***° was used at 2.5 or 5 uM with
and without equal concentrations of fluorescent streptactin.

3.5.5 Binding using Fluorescent Streptavidin

Measuring binding of RSV G*¢* to THP1 or HEK.CX3CR1 cells by measuring
fluorescence of cells incubated with fluorescent streptactin did not detect binding.
Streptactin binds to Strep tags, however the affinity of Streptactin to Strep tags is
lower compared to that of Streptavidin to biotin. RSV G*** was recloned to contain

an Avi tag. The Avi tag of RSV G***® was biotinylated and this protein was used in a
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binding assay. Fluorescent streptavidin was used to measure binding of RSV G to

THP1 or HEK.CX3CR1 cells.

3.5.5.1 Materials and methods
THP1 cells were washed three times in 1X RPMI 1640. Cells were resuspended in
RPMI for 1,000,000 cells in 100 uL per well. Samples (RSV G** WT with
fluorescent streptavidin) were added to cells and incubated at 37C, 5% CO2 for 1
hour. Cells were centrifuged and resuspended in 500 uL PBS, 1% BSA per tube.
Fluorescence was measured using the FITC channel and FACS LSR 11.

For a different approach, THP1 or HEK.CX3CRI1 cells were washed three
times with cold PBS, 1% BSA. Cells were resuspended in PBS, 1% BSA for 500,000
cells in 90 uL per sample. Protein was incubated with 10 ug/ mL heparin sodium salts
from porcine (Sigma Aldrich 11339) for 1 hour on ice before adding to cells. Samples
were added to cells and incubated for 1 hour on ice. Cells were washed once in PBS,
1% BSA and resuspended in PBS, 1% BSA. Fluorescent streptavidin or streptactin
was added to the cells and incubated for 45 minutes on ice. Cells were washed twice
and resuspended in 500 uL PBS, 1% BSA. Fluorescence was measured using the

FITC channel on the FACS LSR 1I.
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3.5.5.2 Data
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Figure 28: There is slight binding of CX3CLI but not RSV G* WT to HEK.CX3CR1
cells.

A) PBS and streptavidin at 2.5 uM were used as negative controls. CX3CL1 were
used at 1.29 and 2.5 uM with equal concentrations of streptavidin. One replicate per
sample. B) PBS and streptavidin and streptactin at 0.215 uM were used as negative
controls. CX3CL1 was used at 1.29 uM with 0.215 uM of streptavidin and RSV G*¢*°
WT was used at 1.29 uM with 0.215 uM of streptactin. One replicate per sample.

3.5.6 Conclusion

I was able to detect binding using the RSV GFP-G 157-197 fusion protein. Anti-RSV
G 3D3 Fab slightly reduced this binding, and deletion of four lysine amino acids at
the end of this construct to create RSV GFP-G 157-191 dramatically reduced binding.
These results indicate that the binding observed with RSV GFP-G 157-197 was due

to the heparin binding domain.
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Binding of RSV G WT to THP1 cells was not detected using an anti-His
fluorescent antibody. The cells were not washed after adding the antibody, which
could be why the background fluorescence was high. Adding some washes after
adding this antibody could reduce background fluorescence. It is also possible that
CX3CRI1 is endocytosed when RSV G WT binds which would lead to detecting no
binding.

There was less than 1% of fluorescent THP1 cells incubated with CX3CL1
and about 3-6 % fluorescent HEK.CX3CRI1 cells indicating slight binding of
CX3CL1 to these cells, however fluorescence of cells incubated with RSV G WT
was not above background. It is possible that more washes are needed after
incubation with fluorescent streptactin or streptavidin to reduce background
fluorescence and more accurately measure binding of CX3CL1 or RSV G WT. It is
also possible that RSV G WT binding will be more difficult to detect considering
that Bergeron et al. 2021 detected only about 20% binding of RSV G*** WT to

HEK.CX3CRI1 cells.
3.6 Presto Tango assay

3.6.1 Rationale

We received a plasmid with a hemagglutinin signal sequence and a Flag tag encoding
CX3CRI that is fused to a V2 tail (to promote arrestin recruitment) and a tetracycline
transactivator (tTA) with a TEV cleavage site and a HEK 293T cell line that stably
expresses a tTA-dependent luciferase reporter and a Beta-arrestin2-TEV fusion gene

(the cell line is called HTLA) from the Roth lab in the University of North Carolina at
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Chapel Hill. HTLA cells were transfected with the CX3CRI1 plasmid using effectene
transfection reagent, however expression of this plasmid was poor.

Activation of CX3CRI leads to beta-arretstin and TEV protease to be
recruited to the V2 tail. TEV protease cleaves at the TEV cleavage site to release the
transcription factor tTA. The tTA then enters the nucleus to transcribe the luciferase
gene in the HTLA cells and luminescence can be measured using a plate reader.

Since HTLA cells are a derivative of HEK293T cells, they express heparan
sulfate proteoglycans (HSPGs) that RSV G uses to non-specifically attach to
immortalized cell lines. Heparin sodium (Fisher Scientific 9041-08-1) or heparin
sodium salt from porcine (Sigma Aldrich H3393-25KU) were used in some samples
to prevent RSV G from interacting with the HTLA cells through the HSPGs.

The Presto Tango assay is completed in five days. Human CX3CL1 E. coli
derived (R&D systems cat 362-CX/CF 10/13/17) and human CX3CL1 NSO derived
(mouse myeloma) (R&D systems cat 365-FR) were used as positive controls for
CX3CRI activation. Recombinant Fractalkine expressed in Chinese Hamster Ovary

cells was also used as a positive control for CX3CR1 activation.

3.6.2 Materials and methods

On day one, HTLA cells were plated out in a 12 well plate at 100,000 cells/ mL in 2
mLs of DMEM, 10% FBS, 2 mM glutamax, 1X Pen/Strep (media) per well. The plate
was incubated at 37C, 5% CO2. On day two, the media of the HTLA cells was
changed one hour before transfection. Cells were transfected with 1 ug of CX3CR1

DNA per well using effectene transfection reagent. One to three wells were left
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untransfected. A 96 well white, clear bottom plate was coated with 50 ug/mL of poly-
D-lysine and parafilmed and stored at 4C. On day three, the transfected cells were
pooled and the untransfected cells were pooled. Cells were plated out in the poly-D-
lysine coated 96 well plate at 50,000 cells per well in 100 uL of media. The plate was
incubated at 37C, 5% CO2. On day four, the media was changed one hour before
adding samples to the cells to 90 uL of DMEM, 10% dialyzed FBS, 2 mM glutamax,
1X Pen/Strep. For samples with heparin, the sample was incubated with heparin on
ice for one hour before adding to cells. Samples were added to cells in 10 uL and
incubated for 18 to 24 hours at 37C, 5% CO2. On day five, the media and protein
were removed from the cells and 100 uL of 1:10 diluted Promega solution (in 1X
HBSS, 20 mM HEPES, pH 7.4) was added to each well and incubated at room
temperature for 15 minutes. Luminescence was measured using the Perkin Elmer

EnVision Xcite plate reader with a 384 well aperture.
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Figure 29: Fractalkine but not RSV G*° activates CX3CRI.

Fractalkine chemokine domain and RSV G WT were used at 1 uM. A) Cells were
transfected using five ug of CX3CR1 DNA. FBS and PBS were used as negative
controls. Samples were done in triplicate and error bars represent SD. B) Cells were
transfected using calcium phosphate with 600 ng of CX3CR1 DNA. Untransfected
HTLA cells with and without 1X HBSS, 20 mM HEPES, pH 7.4 (buffer) were used
as negative controls. Buffer alone was used as an additional negative control. Samples
were done in triplicate and error bars represent SD. C) Untransfected cells and buffer
alone were used as negative controls. Samples were done in replicates of six and error
bars represent SD.
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Figure 30: The chemokine domain and full length Fractalkine activates CX3CRI in
the presence and absence of heparin sodium salts, however RSV G does not.

Untransfected cells alone, with 1 uM of Fractalkine, buffer (1X HBSS, 20 mM
HEPES, pH 7.4), or heparin sodium salts from porcine (HS) at ug/ mL concentrations
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were used as negative controls. Buffer alone or with various concentrations of HS
were used as additional negative controls. A) Fractalkine and RSV G*** WT were
used at 1 uM. HS was used at 10 ug/mL. Samples were done in replicates of six and
error bars represent SD.
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B) The chemokine domain (CCD) of Fractalkine and RSV G*** WT were used at 1
and 2 uM. Full length Fractalkine (ecto) was used at 0.41 uM. HS was used at 10 or
20 ug/mL as indicated in the axis. Samples were done in replicates of six except
Fractalkine CCD store bought (five replicates), and Fractalkine ecto did not have
replicates and error bars represent SD. C) Fractalkine and RSV G**® WT were used at
1 uM. HS was used at 50, 100, 300, or 500 ug/mL. All samples except the
untransfected controls (triplicates) were done in replicates of six and error bars
represent SD.
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Figure 31: Fractalkine but not RSV G** activates CX3CRI at 5 or 10 uM.

Buffer (1X HBSS, 20 mM HEPES, pH 7.4) was used as a negative control. A)

Fractalkine (CCD) and RSV G***° were used at 5, 2, 1, 0.5 uM. Samples were done in
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replicates of six and error bars represent SD. B) Untransfected HTLA cells with
Fractalkine CCD were used as negative controls. Buffer, FBS, and 10% FBS added to
cells in media containing FBS were used as additional negative controls. Fractalkine
CCD and RSV G** WT were used at 5 and 10 uM. Samples were done in replicates
of six and error bars represent SD. C) Untransfected HTLA cells with Fractalkine
CCD or Fractalkine and heparin sodium salt (HS) were used as negative controls.
Fractalkine CCD and RSV G** WT were used at 10 uM with and without 500 ug/mL
of HS. Samples were done in replicates of six and error bars represent SD.

Count

Count

Count

THP1 Positive control

PE-A
Transiently transfected
HTLA

»t

50 - / \I
iy W
~ PEA
HTLA 200 ug/mL Zeocin

T T T
2 2 102 104

PE-A

Untransfected HTLA

Count
R
1
—

o / rrTTS——r
10 o IP;E-A 10 10
HTLA 100 ug/mL Zeocin
E 150 =
3
51 N
° T /’ Ll '\l Al T
PE-A
HTLA 300 ug/mL Zeocin
E 150 = j’v
5.0 B
[
g
[
/
PE-A

Figure 32: CX3CRI is expressed in transiently transfected HTLA cells, but poorly
expressed in stably transfected cells.
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THP1 (positive control) or HTLA cells were stained for CX3CR1 using PE rat anti-
human CX3CRI1 clone 2A9-1 (isotype rat I[gG2b,k) antibody shown in red or using an
isotype control antibody PE rat anti-mouse Valpha2 TCR shown in blue. Stably
transfected HTLA cells were grown in 100, 200, or 300 ug/mL of zeocin.
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Figure 33: Fractalkine does not activate CX3CR1 of stably transfected HTLA cells.

Untransfected HTLA cells with buffer (1X HBSS, 20 mM HEPES, pH 7.4) or
Fractalkine at 0.5 uM were used as controls. Stably transfected HTLA cells
(HTLA.CX3CRI1, grown in 300 ug/mL zeocin) were incubated with buffer or 0.5 uM
Fractalkine. One replicate per sample.
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Figure 34: Activation of CX3CR1 by store bought and home-made Fractalkine is

concentration dependent.
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Untransfected HTLA cells alone, with buffer (1X HBSS, 20 mM HEPES, pH 7.4),

with store bought Fractalkine (CX3CL1) or home-made Fractalkine were used as

negative controls. Media alone and buffer were used as additional negative controls.
A) CX3CLI was used starting at 0.5 uM and serially diluted 1:2 to 0.03125 uM.
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Fractalkine chemokine domain (CCD) with an Avi tag was used at 1 uM. B) CX3CL1
was used starting at 32 nM and serially diluted by half to 2 nM. Home-made
Fractalkine was used starting at 1 uM and serially diluted by half to 5 nM. One
replicate per sample.
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Figure 35: RSV G does not prevent Fractalkine from activating CX3CRI1, and
CCR3 is not activated by Fractalkine or RSV G**.

Untransfected HTLA cells with buffer (1X HBSS, 20 mM HEPES, pH 7.4),
Fractalkine, RSV G** WT or both proteins were used as negative controls. HTLA
cells transfected with CX3CRI1 are labeled as CX3CR1 and HTLA cells transfected
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with CCR3 are labled CCR3. HTLA cells transfected with CX3CR1 and CCR3 DNA
are labeled CX3CR1.CCR3. Transfected cells incubated with buffer were used as
additional negative controls. Fractalkine was used at 10 nM and RSV G**° WT was
used at 1 uM. Fractalkine at 10 nM and RSV G**®* WT at 1 uM were incubated on ice
for 30 minutes before adding to cells for samples with both proteins. Samples were
done in triplicate and error bars represent SD.

80000
,, 70000
]
= 60000
o
9 50000
=
S 40000
7]
2 30000
320000
10000
0 == [ ] — — 1
—_
L E ¢2+ b ‘é '—12‘}_{2
5 £ €22 5§ & 25357
= )
m = SS S°27 A B 2=F«
o N =N — 9 S 0o OH
= —~ O o - s
.| b_[_‘,':'.o-\ - — 4\3.._.$_‘§
< 2T EZ 9 B2 SXETS
3 0= 2 0 = VWE g 4mH
+— S8 493 S ) ) — Q
QO Do Q2 g S o g2
S g B 8 g~ o000
. H;"Q‘:D — O S~ = O
(& (JLI_‘E < v g-l-'.,';+
= o & g&fgs
E g3 £
=) S5 8 o
-] '—’0152

Figure 36: Adding RSV G WT or Fractalkine five hours apart does not prevent
Fractalkine from activating CX3CRI.

Untransfected HTLA cells with buffer (1X HBSS, 20 mM HEPES, pH 7.4),
Fractalkine, or RSV G WT first or Fractalkine first were used as negative controls.
Transfected cells incubated with buffer were used as an additional negative control.
Fractalkine was used at 10 nM and RSV G**®* WT was used at 2 uM. For samples
with both proteins, the proteins were added five hours apart. Samples were done in
triplicate except the untransfected controls (had one sample each) and error bars
represent SD.
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Figure 37: Heparin sodium salts from porcine reduces the activation of CX3CRI by
Fractalkine, however RSV G* WT does not.

Transfected cells incubated with buffer (1X HBSS, 20 mM HEPES, pH 7.4) were
used as negative controls. Heparin sodium salt from porcine was used at 5 ug/mL.
Fractalkine was used at 10 nM and RSV G*** WT was used at 2 uM. For samples
with both proteins, the proteins were added five hours apart with half of the heparin in
one sample and the other half of the heparin in the second sample. Samples were done
in triplicate and error bars represent SD.
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Figure 38: Fractalkine activates CX3CR1 even in the presence of heparin sodium salt
from porcine.

Untransfected HTLA cells incubated with media (DMEM, 10% FBS, 2 mM
glutamax), buffer (1X HBSS, 20 mM HEPES, pH 7.4), or Fractalkine were used as
negative controls. Transfected cells incubated with media (cells), buffer, or 1 uM of
Fractalkine with no heparin were used as additional negative controls. Fractalkine
was used at 1 uM and serially diluted to 10 nM. Heparin at 5 ug/mL was incubated
with protein on ice 1 hour before adding to cells. One replicate per sample.

3.6.4 Conclusion

CX3CRI was transfected in the HTLA cell line and Fractalkine (the native ligand for
CX3CR1) induced luciferase expression. Fractalkine did not induce expression of
luciferase of untransfected HTLA cells. RSV G*** WT did not induce expression of
luciferase in transfected HTLA cells (luminescence levels were similar to the
negative control). The data suggest that RSV G*** WT did not activate CX3CRI1,
which indicates that another receptor that is not present in HEK293T cells may be

required for RSV G WT to activate CX3CRI. I have attempted to create an HTLA
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cell line that stably expresses CX3CR1, however the cells poorly express the receptor

and are not able to be sorted.

3.7 Summary

RSV uses the attachment glycoprotein RSV G to interact with the human chemokine
receptor CX3CR1 on host cells. CX3CRI1 is a GPCR with an i alpha subunit. GPCR’s
are involved in the calcium flux pathway. Attempts were made to measure calcium
influx into THP1 cells, which are monocyte-like cells that express CX3CRI1. Calcium
influx was measured by measuring fluorescence of Fluo-4AM through plate reader
and FACS, however, I hypothesize the peak of calcium influx was missed due to lag
time of measurements, thus other experiments to analyze the interaction between
RSV G and CX3CRI1 were explored.

Various methods were used to count chemotaxed THP1 cells including trypan
blue and a hemocytometer, calcein dye, and hoescht stain. Chemotaxis of THP1 cells
was induced by RSV G (full length protein), however was not induced by the
Central Conserved Domain (CCD, aa 157-197) of RSV G when the protein was
expressed in E. coli in its soluble form or refolded from cell pellets. Soluble RSV G
CCD induced some chemotaxis of THP1 cells possibly due to the E. coli
contaminants in the protein samples. RSV G mutant proteins (S177Q, S177R,
S177W, E166K, and CX4C) still induced chemotaxis of THP1 cells. Anti-RSV G
Fabs, an anti-CX3CR1 polyclonal antibody, Fc blocker alone, and heparin salts

reduced RSV G induced chemotaxis of THP1 cells.
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We attempted to knockout CX3CR1 from THPI cells because anti-RSV G
Fabs and the anti-CX3CR1 antibody did not fully block chemotaxis, and Fc blocker
alone reduced chemotaxis. The CX3CR1 knockdowns were attempted by Dr. Sergio
Covarrubias, myself, and Dr. Sara O’Rourke. RNA guides that were used for these
attempts are in Table 1. Dr. Sara O’Rourke created two cell lines that had CX3CR1
knocked down, however the cells were not able to be sorted and were frozen down.

Measuring cAMP levels was another approach taken to investigate the
activation of CX3CR1 on THPI cells by RSV G. cAMP levels were measured by
fluorescence and luminescence readings. Fluorescence and luminescence readings
were inversely proportional to cAMP levels. Forskolin, a small molecule, was used to
induce cAMP levels in the cells. Inducing cAMP levels with forskolin was variable,
and controls for high cAMP and reduced cAMP levels were needed to properly
analyze the data.

Since measuring CX3CR1 activation by RSV G proved difficult, binding of
RSV G to THP1 or HEK293 T cells that overexpress CX3CR1 was measured using
RSV G fusion proteins with GFP (RSV GFP-G), a fluorescent anti-His antibody,
fluorescent Streptactin and fluorescent Streptavidin. RSV GFP-G 157-197 bound to
THP1 cells and anti-RSV G Fabs reduced this binding. RSV GFP-G 157-191 (three
lysines from the heparin binding domain cut out) dramatically reduced binding, which
suggests the binding measured from RSV GFP-G 157-197 was due to the heparin
binding domain. Binding of RSV G measured by fluorescent anti-His antibody was

not observed when incubated at 37 or 4C, however it is possible that cells were not
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washed enough times before measuring fluorescence which could have led to high
background fluorescence. Binding of full-length RSV G was also not observed when
measuring fluorescence by fluorescent Streptactin or Streptavidin. Similarly, to
measuring with the anti-His antibody, high background fluorescence was observed.
More washes could have also helped reduce background fluorescence in these
samples to more accurately measure binding.

Finally, the last assay to measure CX3CR1 activation by RSV G was the
Presto Tango assay. For this assay, CX3CR1 was transfected into HTLA cells and
activity was measured by luminescence reading using a plate reader. Fractalkine, the
natural ligand for CX3CR1, activated CX3CR1, however RSV G did not. Heparin
salts reduced the activation of CX3CRI1 by fractalkine, however did not have any
effect on RSV G. Adding RSV G five hours before Fractalkine or fractalkine five
hours before RSV G did not have any effect on the activation of CX3CRI1 by
fractalkine. I attempted to create a stable HTLA cell line that expresses CX3CR1,
however CX3CRI1 expression was poor and cells were not able to be sorted. Another
GPCR, CCR3, was transfected into HTLA cells to test whether it could be a potential
co-receptor for RSV G activation, however CCR3 activation was not observed.
3.8 Future directions

There is a commercial THP1 cell line with CX3CR1 knocked out, this cell
line should be tested in the chemotaxis assay to test activity of RSV G. [f RSV G&*°
does induce chemotaxis of THP1 CX3CRI1" cells, those results would indicate that

RSV G’s immune modulation may be happening through a different receptor. T cells
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are a better model for chemotaxis to test activity of CX3CR1 by RSV G because T
cells are present in the immune response induced by RSV G and monocytes (THP1
cells) are not as relevant. Furthermore, bovine serum albumin was required for
Fractalkine to induce chemotaxis of THP1 cells in Fedechkin et al., 2018, and I did
not see chemotaxis of THP1 cells induced by Fractalkine suggesting this is not the
best chemotaxis model.

It seems as though binding of RSV G to CX3CRI1 expressing cells will be a
small percentage. In order to capture this binding, many washes of the cells will be
required to reduce background fluorescence, and experiments should be done at 4C to
prevent endocytosis of CX3CRI1.

For the Presto Tango assay, other isoforms of CX3CR1 should be transfected
into the HTLA cells to test activity of CX3CR1, and other receptors should be
considered that may be potential co-receptors required for RSV G to activate

CX3CRI.
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Appendix Co-authorship
A version of this paper was published in Journal of Virology
Al: Conformational Flexibility in Respiratory Syncytial Virus G Neutralizing
Epitopes Fedechkin et al. 2020
I expressed RSV G**° and RSV G** F170P and showed purity by SDS-PAGE. I used
biolayer interferometry to test binding of these proteins to 3D3 and 3G12 monoclonal
anti-RSV G antibodies. I showed that mutating phenylalanine at position 170 to

proline to restrict the flexibility of RSV G prevented its binding to 3G12 mAb.
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Figure 39: Differences in bnmAb 3G12 and bumAb 3D3 binding to RSV G F170P.

(A) Coomassie-stained SDS-polyacrylamide gel of RSV G*°*° (wild type) and RSV G
ecto F170P (F170P). Molecular weight (MW) ladder values (in kilodaltons) are
labeled. (B) Structure of the RSV G CCD when bound to bnmAb 3D3 (top) and
bnmAb 3G12 (bottom). F170 is in red. (C) Biolayer interferometry traces (blue) and
curve fits (red) for binding of bnmAb 3D3 (top) and bnmAb 3G12 (bottom) to RSV
G*e* and RSV G*** F170P. Concentrations of G**° used for each trace are shown. The
vertical red line indicates the transition of the biosensors from the association step to
the dissociation step. Binding on-rates, off-rates, dissociation constants, and curve fit
statistics are shown in Table 2.

Expression and purification of RSV G** and RSV G**** F170P. A codon-
optimized synthetic gene encoding RSV G (strain A2) amino acids 64 to 298
(UniProtKB accession number P03423) was cloned into pCF in frame with an N-
terminal CCRS signal sequence, a C-terminal His tag, and Twin-Strep purification
tags. The F170P mutation was introduced by Phusion site-directed mutagenesis and
verified by Sanger sequencing. Recombinant RSV G and RSV G F170P were
produced by transient transfection in HEK293F cells with Effectene transfection

reagent (Qiagen). After 5 days, cell medium was supplemented with BioLock (IBA)

and 20 mM Tris-HCI (pH 8.0) and 0.22-?m filtered. RSV G** and RSV G** F170P
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were batch purified from medium with Strep-Tactin resin (IBA), washed, and eluted
with Strep-Tactin elution buffer (50 mM Tris [pH 8.0], 150 mM NaCl, ] mM EDTA,
2.5 mM desthiobiotin). RSV G**®and RSV G F170P were concentrated and
dialyzed into phosphate-buffered saline (PBS) using 10-kDa spin concentrators.
Protein purity was evaluated by SDS-polyacrylamide gel electrophoresis.
Binding affinity analyses. An Octet RED96e biolayer interferometry instrument was
used to evaluate the binding of bnmAbs 3G12 and 3D3 to RSV G*¢* and RSV G*¢*°
F170P. Antibody 3G12 or 3D3 at 1 ug/ml in Octet buffer (phosphate-buffered saline
[pH 7.4], 0.05% Tween 20, 1% bovine serum albumin [BSA]) was loaded onto anti-
human IgG Fc capture (AHC) biosensors, and 2-fold serially diluted RSV G***° or
RSV G F170P, from 40 nM to 0.625 nM, was assessed for binding. Red lines are
the fit of global association and dissociation with a 1:1 model, with at least 5 curves
used to determine binding on- and off-rates and to calculate dissociation constants.
A version of this paper was published in Viruses
A2: Respiratory Syncytial Virus (RSV) G Protein Vaccines With Central
Conserved Domain Mutations Induce CX3C-CX3CR1 Blocking Antibodies
Bergeron et al 2021

I expressed and purified RSV G*** WT, S177Q, S177R, and CX4C. I used SDS-
PAGE to test for purity and Coot to overlay the RSV G structure with the 2D10,
3G12, and 3D3 anti-RSV G monoclonal antibodies and model the mutant proteins.
These immunogens were used to immunize mice. Mice were challenged with RSV

and antibody levels of these mice were measured before and after RSV challenge.
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These antibodies were also used to block the interaction of RSV G and CX3CR1 on
HEK?293 cells that over express CX3CR1. RSV G S177Q was measured to elicit
higher levels of antibodies compared to wild-type RSV G or the other mutant

proteins, and it lowered BAL cell influx into the lungs of immunized challenged

mice.
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Figure 40: Rational design and expression of RSV G protein immunogens.

(A) RSV G protein central conserved domain (CCD) (cyan) with CX3C motif
highlighted, and sites of anti-G protein mAb binding: 2D10 (orange), 3G12 (yellow),
and 3D3 (magenta). Serine 177 mutations modeled with (B) glutamine and (C)
arginine. (D) Coomassie-stained SDS-PAGE gel of RSV G protein immunogens at
~90kDa. Lane 1: wild-type, lane 2: CX4C, lane 3: 177R, lane 4: 177Q.

2.2. Immunogens A synthetic gene encoding RSV strain A2 (RSV/A2) G protein
amino acids 64 to 298 (UnitProtKB entry P03423) was cloned into pCF in-frame with
an N-terminal TPA signal sequence and C-terminal tandem 6-histidine and Twin-
Strep purification tags. Recombinant RSV G protein was produced by transient-

transfection in CHO-S cells (Thermo Fisher Scientific, Waltham, MA, USA #R800-

07) and secreted RSV G protein was affinity purified on a StrepTrap column (GE
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Healthcare Bio-Sciences, Uppsala, Sweden). Mutants were produced by Phusion site-
directed mutagenesis and verified by Sanger sequencing. The CX4C mutant
contained an insertion of an alanine within the CX3C motif, making it to
182CWAIACI187. Mutants S177Q and S177R contained serinel77 substitution with
glutamine or arginine, respectively. All proteins were concentrated and dialyzed into
PBS. Proteins were flash-frozen in liquid nitrogen and stored at —80 -C until use.
SDS-polyacrylamide gel electrophoresis was used to evaluate protein purity.

A3: Overall Thesis Summary
Respiratory syncytial virus is the leading cause of death of children world-wide and
contributes to respiratory disease in immunocompromised and elderly populations.
Currently there are no FDA approved vaccines or anti-virals to protect against RSV
infection. Palivizumab, an anti-RSV F antibody, is the only prophylaxis available and
it does reduce hospitalizations, however a more effective vaccine or prophylaxis is
urgently needed.

RSV G is an important antigen to consider in vaccine developmental
strategies. While RSV G has been shown to induce a Th2 response and eosinophilia
in RSV infected animals, antibodies against RSV have been shown to be protective in
vivo thus a vaccine that can induce anti-RSV G antibodies could potentially be more
effective than Palivizumab (as some studies have shown) (Chapter one).

I produced an RSV G vaccine immunogen with a single point mutation using
the published structures of RSV G bound to neutralizing antibodies. I showed through

biolayer interferometry, ELISA, and X-ray crystallography that the single point
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mutation did not disrupt epitopes on RSV G for neutralizing antibodies. I also showed
that it is important to keep the structure in mind when developing a vaccine
immunogen as the RSV G mutant protein CX4C that was developed before the
structure of RSV G was solved had disrupted epitopes. Furthermore, I showed that
the RSV G S177Q mutant protein is a promising vaccine immunogen (Chapter two).

I also analyzed the interaction between RSV G and CX3CRI1 through various
cell-based assays. I found that GFP fused to RSV G bound to THP1 cells (that
express CX3CR1), however removing part of the heparin binding domain of RSV G
reduced binding. I also found that RSV G is chemotactic but it is not clear if the
activity is through the CX3CR1 chemokine receptor. Finally, I showed that the
natural ligand of CX3CRI called Fractalkine was able to activate CX3CR1 in a cell-
based assay called Presto Tango, however RSV G did not activate CX3CRI1. These
data show that the interaction between RSV G and CX3CR1 needs further
investigation (Chapter three).

Finally, I contributed to two published papers. In the first paper, Fedechkin et
al., 2020 (section A1), I showed that mutating phenylalanine at position 170 of RSV
G to proline restricted the flexibility of RSV G and prevented its binding to 3G12
mAb. In the second paper, Bergeron et al., 2021 (section A2), I produced the wild-

type RSV G and mutant proteins that were used as vaccine immunogens.
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