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Chapter 4

Lectibody: Design and characterization of a cyanovirin-N — F¢
chimera
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Abstract

Cyanovirin-N (CVN) is a protein that is a broadly potent inhibitor of many
enveloped viruses, including HIV, Ebola, and influenza. It acts to neutralize these viruses
by binding to glycoproteins on the viral envelope and preventing viral fusion to the host
cell. Although CVN has already been shown to be quite effective against these viruses,
we hope to make a variant that has more potential therapeutic value by recruiting
activities of the human adaptive immune system. We present here a CVN-Fc chimeric
fusion protein. This protein, termed a “lectibody” for its fusion of a lectin (CVN) and the
constant region (Fc) of an antibody, is designed to incorporate the viral neutralization
properties of CVN with Fc-mediated effector functions, such as antibody-dependent cell-
mediated cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), increased
serum half-life, and antibody-dependent cell-mediated phagocytosis (ADCP). Here, we
show that a CVN lectibody has similar neutralization activity to wild-type CVN in an
anti-HIV assay and that there is significant higher order oligomerization of the protein
that is due in some part to domain swapping of CVN. This new class of antiviral protein
could act to neutralize free viral particles as well as invoke an immune response

surrounding virus-infected cells.
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Introduction

Antibodies are a vital component of the mammalian adaptive immune system.
They are responsible for neutralizing infectious particles by binding to them and directly
inhibiting them as well as by recruiting other components of the immune system,
including macrophages, neutrophils, and natural killer (NK) cells, to the site of an
infection."” An antibody consists of two major regions, the variable region (Fab) and the
constant region (Fc). The Fab portion of the antibody is highly variable and is specific to
the antigen, whereas the relatively conserved Fc portion contains binding sites for Fc
receptors (FcRs) and engages the immune effector functions. There are five major
isotypes of antibodies: IgM, IgA, IgD, IgE, and IgG; these differ in their heavy chain
sequence and oligomerization state and mediate different responses. While all of these
isotypes are important in an immune response, IgG is the most abundant antibody type
found in humans, has the longest serum half-life, and is involved in most of the major
effector functions.' For these reasons, the Fc of IgG1 was chosen for this study.

In addition to direct neutralization of potential pathogens via the Fab regions of an
antibody, effector functions mediated through Fc binding are vital to a normally
functioning immune system. The Fc of IgG1 specifically interacts with FcRn and Fc
receptors specific to the y chain (FcyR), including FeyRI, FeyRIL and FeyRIIL'>™ These
receptors act as messengers, linking antibody-mediated responses to cellular responses.
The interaction between Fc and FcRn is involved in recycling antibodies, thereby
extending their lifetime in vivo, and in transporting antibodies across epithelial

4,6-8

barriers. The other FcyRs, when complexed with antigen-bound IgG1, can mediate

antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-
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mediated phagocytosis (ADCP), and endocytosis.”” In addition to FcR-mediated cellular

responses, Fc can also activate the complement pathway, which leads to cell lysis or
phagocytosis.'’

Due to their simple protein A-based purification, extended in vivo lifetime, and
Fc-mediated effector functions, Fc fusion proteins have become increasingly popular.'®"?
In a recent review, Jazayeri and Carroll report that at least six Fc fusion proteins are
currently used clinically for several indications, including asthma, psoriasis, and
rheumatoid arthritis.'* In addition, countless other fusions have been made for both
pharmaceutical and basic research purposes. While many researchers are interested in the

increased lifetime of small, soluble proteins that is conferred by addition of an Fc,'>'* F

C
fusions have also been used to display Fc in a reverse orientation in order to study Fc-
mediated effector functions,'> to investigate protein-protein interactions,'® and as
potential therapeutics for various diseases or conditions.'”'> One particularly relevant Fc
fusion is CD4-Fc.'”'® Various constructs combining the soluble portion of the HIV
receptor CD4 with the Fc domain of an antibody were investigated for inhibition of HIV
in vivo. Unfortunately, the results of clinical trials on these specific constructs were
disappointing, but the constructs were able to induce ADCC of HIV-infected cells in
culture and were efficiently transferred across the placenta in non-human primates. '’

The ability to incorporate extended in vivo lifetimes and activation of cell-
mediated effector functions is a very compelling reason to engineer Fc fusion proteins.

Additionally, these Fc-mediated functions can be modulated through mutations in the Fc

region to either increase or abrogate the response, providing more flexibility to the

20,21 22,23

system. Various studies have indicated that single point mutations or changes in
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the Fc-linked carbohydrate composition’*?’

can dramatically increase the ADCC
response by increasing the affinity for FcyR. Engineered mutations in the Fc have been
shown to increase activation of the complement pathway.*® Alternatively, Lazar et al.
showed that a point mutation could destroy the ability for an Fc to activate complement-
dependent cytotoxicity (CDC) while retaining or enhancing ADCC and other effector
functions.”* Extending the lifetime of Fc fusions has also been extensively studied. Even
though Fc-fused proteins often already have longer in vivo lifetimes than the unfused
molecule, any improvements in the circulatory half-life of a molecule is a possible benefit
for potential therapeutics. A 2- to 2.5-fold increase in the half-life of Fc fusions was

accomplished by either a single or double point mutation in the Fc.”"?®

The incorporation
of one or more of these mutations allows researchers to specifically study the effects of
ADCC, complement, and half-life on a particular system.

The protein of interest in this study, cyanovirin-N (CVN), is a small
cyanobacterially-derived protein that inhibits infection by various enveloped viruses
including HIV,* Ebola,” and influenza.’’ CVN is a lectin that specifically binds ot1-2
linked high-mannose molecules.’>> This type of carbohydrate linkage is found in high
concentrations on the envelope proteins of these viruses, including gp120 on HIV.**?°
CVN effectively neutralizes HIV by binding with high affinity and avidity to the
glycosylation on gp120 and blocking interactions with the host cell receptor, CD4, and
coreceptors.3 7

Here, we report the generation of a CVN-Fc fusion that retains wild-type (WT)

CVN-like HIV neutralization activity. We have termed this construct a “lectibody” as it is

a fusion between a lectin (CVN) and the Fc of an antibody (Figure 4-1). Similarly to the
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CVN; dimers discussed in Chapter 2, we hope that we can improve the efficacy of HIV

neutralization by dimerizing the CVN through the Fc domain. The CVN lectibody also
has the potential for Fc-mediated effector functions as described above. Previous studies
have shown that ADCC plays a role in protection against HIV>® and that ADCC and other

39-42
even when

FcR-mediated effector functions provide some protection against viruses
associated with non-neutralizing antibodies.”** We also anticipate that this lectibody
construct will have a longer half-life in vivo. A study on CVN showed that after
subcutaneous injection in mice, WT CVN was mostly cleared from the bloodstream after
7 to 24 hours.” Since a daily injection to maintain therapeutic levels would most likely
not be feasible, a variant with a longer half-life would make a potential therapeutic more
practical. This construct would also benefit from a potential pulmonary delivery route, as
Fc fusions have been shown to be effectively transported across the pulmonary epithelial

barrier in both humans and non-human primates through FcRn-mediated transcytosis.®®

Here, we present initial data showing the viability of a CVN-Fc fusion: a lectibody.

Methods

Construct generation. Lectibody constructs were created by subcloning the WT
CVN sequence or the CVN, LO sequence described in Chapter 2 including DNA that
encodes a five-amino acid linker (GGSGG) between CVN and the Fc of human IgG1 into
the baculovirus expression vector pAc-k-Fc using the Xhol and Spel restriction sites
(Progen Biotechnik). Sequencing on this construct revealed that the Fc portion was
missing the last eight residues and included two point mutations. To rectify this, the last

eight Fc residues were added during the second cloning step in which the secretion
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signal, CVN, and Fc were subcloned using PCR-based techniques into the mammalian
expression vector pcDNA3.1 (Invitrogen) or pTTS5S (NRC Biotechnology Research
Institute), and the mutations were reversed to give the WT Fc sequence. Human-codon
optimized CVN sequences were determined using the Custom Gene Synthesis program
from IDT (Integrated DNA Technologies, Inc). The optimized gene was assembled via
recursive PCR* and ligated into the pcDNA3.1 or pTT5 vector already containing the
secretion leader sequence and the Fc sequence. Point mutations were introduced into the
lectibody constructs using the QuikChange Site-Directed Mutagenesis kit (Stratagene).
All constructs were verified through DNA sequencing.

Bacterially expressed constructs were created as described in Chapter 2. Point
mutations for bacterially expressed variants were introduced using the QuikChange Site-

Directed Mutagenesis kit (Stratagene).

Expression and purification. Lectibody constructs were expressed in transiently
transfected, suspended HEK293-T or HEK293-6E cells (NRC Biotechnology Research
Institute). The cells were transfected with 1 mg of plasmid DNA per liter of culture using
a polyethylenimine-mediated transfection protocol (PEI). The secreted protein was
harvested from the cell supernatants after 6-8 days and buffer exchanged into 100 mM
sodium phosphate buffer pH 7.5, 150 mM NaCl. The protein was purified on a Protein A
column, eluted in pH 3.0 elution buffer (Pierce) and immediately neutralized with Tris-
base. A second purification step on a Superdex-200 gel filtration column (GE Healthcare)

in 25 mM sodium phosphate pH 7.4, 150mM NaCl was used to separate high molecular
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weight aggregates from smaller species. Protein was stored as eluted or concentrated in a
10,000 MWCO centrifugal concentrator (Millipore) then kept at 4°C.

Deglycosylation of lectibody proteins was accomplished using PNGase F (New
England Biolabs). The protein was denatured, then PNGase F was added according to the
manufacturer’s protocol. Complete deglycosylation was achieved after 1-2 hours. After
removing the carbohydrates, the apparent molecular weights of the proteins were
assessed by SDS-PAGE.

Bacterial expression and purification of non-Fc fusion constructs were performed

as described in Chapter 2 of this thesis.

Circular dichroism. Circular dichroism (CD) spectra were obtained on an Aviv
62DS spectrometer with a 1 mm path length cell. Samples were 50 uM protein in 25 mM
sodium phosphate buffer, pH 7.4, 150 mM NaCl. Wavelength scans were collected at
various temperatures between 200 and 250 nm with a 1 nm step size. A single scan was
collected for each variant with an averaging time of 5 sec. Temperature denaturation was
monitored at 233 nm from 1°C to 99°C. The sample was equilibrated at each temperature
for a minimum of 2 minutes before the data was averaged for 30 seconds and recorded.
The denaturation curves were not reversible and therefore thermodynamic parameters
could not be determined. Instead, the data were fit to a two-state model®’ to estimate the

midpoint of thermal denaturation (Ty,), an estimate of thermal stability.

Neutralization assays. Neutralization assays were performed as described in

Chapter 2 of this thesis.* All variants were tested against strain SC422661.8 from clade
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B and compared to WT CVN from the same 96-well plate unless otherwise noted. Due to
the low concentrations of various constructs, some assays were performed with twice the

standard volume of protein to increase the final concentration in the well.

Surface plasmon resonance (SPR). SPR experiments were conducted on a T100
instrument from Biacore. Approximately 30 response units (RUs) of bacterially
expressed WT CVN were immobilized on a CMS5 chip using standard amine coupling.
All assays were conducted in HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NacCl,
0.0005% v/v Surfactant P20, 1 mM EDTA; Biacore). Various analytes were injected over
the surface for 60 seconds at a flow rate of 30 uL/min. The chip was regenerated with
two pulses of 50 mM NaOH. Complete regeneration was not achieved after lectibody
variants were analyzed and therefore proteins injected later may have exhibited binding
to the unregenerated surface and not to the surface itself. We therefore repeated the assay
on a new surface and tested the samples in reverse order to confirm the results of the first
experiment. The data were analyzed for binding or lack of binding based on the

sensorgram.

Results

Mammalian expression. All CVN-Fc (lectibody) constructs were expressed and
secreted in mammalian cell culture. Yields were typically low for the pcDNA constructs
with Escherichia coli-optimized CVN sequences (between 100 and 500 ug protein per L
of cell culture). For comparison, a similar construct containing only the expression leader

sequence and Fc expressed approximately 4 mg/L. To try to resolve this problem, we
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made various constructs intended to increase protein expression. We found that changing
the vector from pcDNA3.1 to pTTS5 did not significantly improve the expression and in
multiple trials actually produced a larger fraction of degradation product. We did find,
however, that changing the codons of the CVN gene to correspond with optimal human
codon usage produced an approximately 10% increase in soluble expression. These yields

were sufficient for the assays in this study, but are still much lower than desired.

Glycosylation. After Protein A purification, the initial lectibody construct, CVN-
Fc, appeared to migrate much slower on an SDS-PAGE gel than expected (data not
shown). Therefore, we deglycosylated the protein to confirm the expected molecular
weight. However, upon deglycosylation, it became clear that the protein contained two
separate N-linked glycosylation sites instead of only the expected site on the Fc. The
NetNGlye 1.0 Server” was used to predict potential N-linked glycosylation sites and
found a highly probable site at position 30 of the CVN sequence in addition to the known
glycosylation site in the Fc. This potential glycosylation site in CVN is located on the
surface of the protein and has the sequence N-T-S, which is consistent with the N-X-
(S/T) consensus sequence for N-linked glycosylation (where X is any amino acid except
proline).”® Visual inspection of the NMR and crystal structures indicated that
glycosylation of residue 32 may interfere with substrate binding since this residue is near
one of the binding sites of CVN. This result was confirmed by HIV neutralization assays,
which showed that CVN-Fc had no neutralization activity (data not shown).

To remove the non-native glycosylation site in CVN, we constructed four variants

in the bacterially expressed WT background to assess their effect on the structure and
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function of CVN. Both N30 and S32 make side chain-backbone hydrogen bonds in the

crystal structure, so we constructed two variants for each position, an Ala mutation that
deleted the side chain and a polar mutation that may be able to satisfy the hydrogen bond
(N30S and S32N). An S32T mutation would have possibly satisfied the hydrogen bond
requirement, but it would have also met the glycosylation consensus and therefore would
not have destroyed the site.

The four glycosylation deletion variants were assayed for changes in their
secondary structure and thermal stability by CD, and their HIV neutralization abilities
were compared to WT (Figure 4-2). No significant differences were seen in the CD
wavelength scans of the four variants compared to WT CVN, indicating that the
secondary structure was not affected by the mutation (Figure 4-2A). We did see slight
differences in the midpoint of thermal denaturation (T,,) of the variants, however (Figure
4-2B). WT and the two N30 mutants had T,,s that were within experimental error (48.8°C
to 49.8°C), whereas S32A and S32N were destabilized by approximately 5°C and 8°C,
respectively. The results indicate that the physiological temperatures at which the HIV
neutralization assays are performed may partially denature the S32N variant, making it
less than ideal for our purposes. The neutralization assays showed that the N30A variant
was slightly less active than WT, whereas the other three variants were WT-like in their
HIV neutralization (Figure 4-2C). All this data together indicated that N30S was the best
mutation to incorporate into the lectibody construct. N30S in the background of WT
CVN had WT-like HIV neutralization activity, secondary structure, and thermal stability.

Additionally, mutation at N30 guarantees the elimination of the N-linked glycosylation,
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whereas mutation at position 32 leaves the Asn to which glycosylation would be attached

intact, giving rise to a small possibility that glycosylation could still occur.

CVN-Fc N30S. After determining the ideal mutation to remove the non-native
glycosylation site from CVN-Fc, we expressed and purified CVN-Fc N30S. This variant,
similarly to the WT lectibody, had a significantly higher apparent molecular weight than
expected as assayed by gel filtration chromatography, due to higher order oligomers or to
aggregation (Figure 4-3). The expected elution volume for dimeric lectibody was
approximately 0.60 CV. Although the majority of the protein elutes in the void volume,
there was a small peak approximately corresponding to dimeric lectibody. Although
Protein A purified protein and fractions containing high molecular weight species showed
WT-like HIV neutralization activity, this fraction contained no activity (Figure 4-3B).
We therefore sought to solve this unwanted higher order oligomerization problem to
obtain monodispersive samples for assaying.

We hypothesized that the low pH elution from the Protein A column may cause
some partial denaturation of the CVN portion of the lectibody. We therefore assessed the
secondary structure, potential changes in oligomerization, and HIV neutralization of WT
bacterially-expressed CVN at various pHs (data not shown). These experiments showed
no significant differences between protein in pH 7.4 buffer and protein in buffers down to
pH 2.0, including the actual Protein A elution buffer (Pierce). We therefore conclude that
WT CVN does not show a pH dependence for the general secondary structure, HIV

neutralization, or oligomerization.
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Another possibility for the higher order oligomers formed by the lectibodies was

that CVN, a carbohydrate binding protein, was binding the glycosylation on Fc and
therefore causing large complexes of protein specifically bound to other lectibodies. To
test this hypothesis, we expressed the lectibody with an additional mutation (N181A,
equivalent to position 297 in a full length heavy chain) that eliminates the native Fc
glycosylation site. This variant (CVN-Fc noglycos) behaved similarly to CVN-Fc N30S,
and most of the protein eluted near the void volume of the gel filtration column,
indicating it was almost completely composed of higher order oligomers. There was no
apparent molecular weight shift upon deglycosylating this sample, indicating that we did,
indeed remove all of the N-linked glycosylation sites. Although almost entirely
oligomerized, CVN-Fc noglycos that was eluted from the Protein A column had
approximately WT-like activity (as compared to bacterially expressed WT CVN) in the
HIV neutralization assay, indicating that glycosylation is not necessary for the proper
folding of the protein or for the activity, as expected. We also tested whether glycosylated
Fc could bind WT CVN in an SPR assay (Figure 4-4). We saw no evidence of binding to
immobilized CVN and therefore concluded that CVN does not bind the glycosylation on
Fc. Interestingly, as seen in Figure 4-4, we saw significant amounts of binding of CVN-
Fc N30S and CVN-Fc noglycos to the WT CVN surface. Because we know that the Fc is
not responsible for the binding, we deduce that the CVN component of the lectibody is
aggregating on the surface. WT CVN, on the other hand, shows no evidence of binding
the CVN surface. This evidence suggests that the lectibody, although it contains some
active and therefore properly folded protein, probably contains some misfolded protein,

which has a tendency to aggregate. Additionally, the lectibody could have alternate
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domain-swapping properties for the CVN component, leading to intermolecular domain

swapping, with either WT CVN or another lectibody protein.

Domain-swapping variant lectibodies. To assess whether domain swapping of
CVN is contributing to the formation of higher order oligomers, we created and assayed
two new constructs, CVN, LO-Fc and N30S/P51G-Fc. In Chapter 2 of this thesis, I
describe the dimeric variants of CVN that we created to test the effects of oligomerization
on the efficacy of HIV neutralization. We hypothesize that by covalently linking the
termini of two copies of CVN we are stabilizing the domain-swapped dimeric form of
CVN, which in the context of WT is only metastable.’' If this hypothesis is true, the
CVN; LO variant described in Chapter 2 should be stably domain-swapped and should
not interact with other molecules to form intermolecularly domain-swapped complexes.
While the CVN2 LO-Fc variant showed a significantly lower proportion of high
molecular weight species, this protein was not active against HIV. When we added the
N30S mutation to this construct, the majority of protein was shifted to high molecular
weight and it remained inactive in the HIV neutralization assay. The second domain-
swapping variant appears to hold more promise. In this case, the P51G mutation was
added to CVN-Fc N30S. P51G has been shown to shift the equilibrium toward
monomeric protein and destabilize the domain-swapped form.' N30S/P51G-Fc
expressed much more readily in the mammalian expression system, although when it was
neutralized after the Protein A column, a significant amount of protein precipitated and
was lost. The remaining protein, when separated on a gel filtration column, produced a

broad peak around 0.44 CV that contained N30S/P51G-Fc as assayed by SDS-PAGE and
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showed WT-like activity in the HIV neutralization assay (Figure 4-5). A second large

peak at 0.58 CV was attributed to contamination by BSA from the expression process.
This peak contained no anti-HIV activity. Although the N30S/P51G-Fc did not elute at
the expected volume, it is not forming the very high order oligomers of previous
constructs. This indicates that domain swapping is a concern in the lectibody constructs

and is an issue that must be overcome.

Discussion

We have successfully created a chimeric CVN-Fc¢ variant that shows WT-like
anti-HIV activity. We have shown that a non-native glycosylation site is present in CVN
and glycosylated in mammalian tissue culture and that that site must be removed for
efficient viral neutralization activity. In addition, we have shown that the lectibody
constructs are prone to formation of higher order oligomers, which can in part be
prevented by using a variant that stabilizes the monomeric state of CVN over the domain-
swapped dimer.”' Although more work is required to create completely monodispersed
lectibody, we have shown that it is possible to modulate the oligomerization through
simple mutation. Additional obstacles to overcome include solving a potential misfolding
problem that allows the lectibodies to bind to WT CVN, as evidenced by the Biacore
experiments.

Unlike in the case of the dimeric CVN molecules (CVN,s) described in Chapter 2
of this thesis, we do not see a significant increase in the anti-HIV activity of the lectibody
as compared to WT CVN attributable to the dimerization. This may be due to the fact that

we have yet to isolate pure dimeric lectibody and the samples may be significantly
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contaminated by partially or fully unfolded, nonfunctional protein. Additionally, some of
the carbohydrate binding sites on CVN could be sterically inhibited by the high order
oligomerization that we are seeing. By generating a variant that is monodispersed and
dimeric, we hope to resolve these issues. It is also possible that the conformation of the
Fc does not allow the CVNs to interact in a way that they are able to in the pure CVN,
samples, perhaps not allowing the proper domain-swapping interactions.

Our success in generating a functional lectibody is only partially complete. In
order to fully realize the goals of this project, we must assay the Fc effector function and
in vivo half-life. Although we expect the lectibody to exhibit all the potential functions of
the Fc, we hope to assay both antibody-dependent cell-mediated cytotoxicity (ADCC)

and complement functions in the near future to verify.
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Figure 4-1. Model of the CVN-Fc lectibody. The CVN monomers are shown in magenta
attached to the Fc (cyan and green) through flexible polypeptide linkers shown in orange.
The Fc glycosylation is shown in stick representation with blue carbons. This model was
created by combining a monomeric NMR structure of CVN>? and the Fc from the
IgG1b12 crystal structure (1IHZH)** in Adobe Photoshop and is not a solved structure of
this variant.



105

>
vy,

2000 F r 500
o WT
1000 o N30A 0 . XIVJOA
0 &1 -Eh.- ° S32A
e - . e S32A
b g e S32N E -500 N e SN
B # P Y
= 5 « -1000 LY
= ® oo
s > 38
= £-1500 |- 194
S %%
= %%
HEoos ...%&\\
N
-2500
‘ -3000 : : :
200 210 220 230 240 250 0 20 40 60 80 100
Wavelength Temperature
: 120
—e— WT
100 Y
—e— N30A
80 —e— S32A
—e— S32N

60

40

% Neutralization

20

| |

1 1 10 100
Concentration (nM)

Figure 4-2. Assessment of glycosylation site deletion variants. (A) CD wavelength scans
of the four variants compared to WT CVN. (B) Thermal denaturation of WT and the
variants monitored by CD at 233 nm. (C) HIV neutralization curves of glycosylation site
variants and WT.
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Figure 4-3. CVN-Fc N30S purification and activity. (A) A gel filtration trace of CVN-Fc
N30S shows that the majority of the protein forms high order oligomers. (B) CVN-Fc
N30S has WT-like HIV neutralization activity, but the active protein is the high
molecular weight species and not from Peak 3 which corresponds to dimeric lectibody.
No curve fit is shown for Peak 3 due to the low neutralization activity.



107

70
e WTCV-N
60 L4 Fc

50 S —— ¢ CVN-Fc noglycos

40 -

30

20

Response (RUs)

®

s

3
10 - $
LJ
o

0 emmmmm—,

10 ! \ \ \ \ \ \
0 20 40 60 80 100 120 140
Time (s)

Figure 4-4. Surface plasmon resonance assays of lectibodies and Fc. WT CVN was
immobilized on the surface and various proteins were analyzed for binding. WT CVN
and human glycosylated Fc did not bind to the surface. However, both lectibody
constructs (CVN-Fc N30S and CVN-Fc noglycos) showed significant interaction with the
WT CVN surface that could not be regenerated.
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