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Abstract

The fields of physical, chemical, and synthetic virology work in partnership to reprogram viruses
as controllable nanodevices. Physical virology provides the fundamental biophysical
understanding of how virus capsids assemble, disassemble, display metastability, and assume
various configurations. Chemical virology considers the virus capsid as a chemically addressable
structure, providing chemical pathways to modify the capsid exterior, interior, and subunit
interfaces. Synthetic virology takes an engineering approach, modifying the virus capsid through
rational, combinatorial, and bioinformatics-driven design strategies. Advances in these three
subfields of virology aim to develop virus-based materials and tools that can be applied to solve
critical problems in biomedicine and biotechnology, including applications in gene therapy and
drug delivery, diagnostics, and immunotherapy. Examples discussed include mammalian viruses,
such as adeno-associated virus (AAV), plant viruses, such as cowpea mosaic virus (CPMV), and
bacterial viruses, such as QP bacteriophage. Importantly, research efforts in physical, chemical,
and synthetic virology have further unravelled the design principles foundational to the form and
function of viruses.
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Physical, chemical, and synthetic virology work synergistically to engineer viruses for important
biomedical and biotechnological applications.

Introduction

The virus is nature’s tool for delivering foreign genetic material into a living organism.
Many viruses are icosahedral or helical in structure and are composed of nucleic acids
encapsidated in a protein shell. The protein shells are made up of multiple repeating subunits
encoded by the viral genome. Some viruses are also enveloped, possessing an additional
lipid membrane outside the protein capsid. Depending on the virus, the genome can be
single- or double-stranded and composed of DNA or RNA. The protein capsid contains
subunits ranging from tens to hundreds in number and can self-assemble spontaneously in
some viruses. Altering the make-up of the individual subunits or the interaction between
these subunits can lead to reprogramming of virus behavior. Viruses are often referred to as
virus nanoparticles (VNPs) if they have been modified chemically or genetically to obtain
some property that is different from that of the wild-type form, and virus-like particles
(VLPs) if they have had their genetic material removed and are non-infectious (Steinmetz,
2010).

In this review, we describe some basic approaches used in the fields of physical, chemical,
and synthetic virology that have allowed us to reprogram viruses into controllable
nanodevices. We describe the discoveries in the field of physical virology that have
established the basis for our understanding of how virus capsids assemble, disassemble, and
assume different configurations. Application of this knowledge within chemical and
synthetic virology has allowed us to develop viruses as biocomputing nanoplatforms with
controllable targeting and switchable behavior. Specifically, chemical virology uses
bioconjugation techniques to expand the functionality of the virus whereas synthetic
virology applies rational design-based genetic modifications, directed evolution, and
bioinformatics-driven design strategies.

PHYSICAL VIROLOGY

Physical virology can be broadly defined as the study of virus structure and dynamics. The
viral capsid plays an important role in carrying and protecting the genome of the virus and,
thus, assembly of the capsid is pivotal to its propagation. Crick and Watson proposed that a
spherical virus may take on an icosahedral shape to enclose a large volume with small
repeating subunits comprised of one or a few repeating protein sequences arranged in a
highly symmetrical manner (Crick & Watson, 1956). This was shown to be true by Capsar in
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1956 with his observation of the icosahedral bushy stunt virus (D. L. D. Caspar, 1956).
Icosahedrons require 60 identical subunits with identical interactions with the neighboring
subunits (Figure 1), however, viruses with more than 60 subunits have been observed.
Caspar and Klug proposed in 1962 the theory of quasi-equivalence, which explained how
capsids with more than 60 subunits can still form an icosahedral shape (D. L. Caspar &
Klug, 1962). Due to this quasi-equivalence in subunit-subunit interaction, the same initial
protein subunits may also display conformational polymorphism in order to fit into the
icosahedral capsid that can be classified using triangulation numbers (T) (Caspar & Klug,
1962; J. E. Johnson & Speir, 1997).

The field of physical virology is foundational to the creation of programmable virus-based
materials. Viruses and their capsids are currently being reprogrammed for use in numerous
applications, ranging from gene therapy, drug delivery, diagnostics, and immunotherapy.
Each of these applications may have different requirements on capsid stability, metastability,
and shape (Mateu, 2011). The study of capsid assembly and disassembly pathways,
metastability, conformational switching behaviors, and discovery of polymorphic structures
provide insights into what may be possible. The quantitative design rules uncovered in
physical virology can enable the proper engineering of synthetic viruses with completely
new functionalities that are controllable and predictable.

Capsid Assembly and Disassembly—Capsid formation is a process that differs among
viruses. For example, tobacco mosaic viruses (TMV) can spontaneously form infectious
viral particles in the presence of the capsid proteins and RNA genome /n vitro. Other
viruses, such as some serotypes of adeno-associated virus (AAV), require assembly inside
host cell nuclei with the help of assembly-activating protein (AAP) (Earley et al., 2017).
Once the capsid is assembled, the AAV genome is inserted into the shell by non-structural
viral proteins in order to form infectious units (Earley et al., 2017; Sonntag et al., 2011).
These examples illustrate that there are different pathways of capsid assembly, e.g. capsid
assembly around a genomic template, or genome insertion into completed capsids. Unlike
AAV serotypes that require the aid of AAP as described above, several other viruses (e.g.
simian virus 40 (SV40), minute virus of mice (MVM), cowpea chlorotic mottle virus
(CCMV), and hepatitis B virus (HBV)) can spontaneously form empty capsids from their
viral proteins (VPs) /n vitro. This spontaneous /n vitro assembly of viral capsids has allowed
the examination of different viral assembly kinetics.

Many techniques have been used to visualize virus capsids in order to study the progression
of capsid assembly and to measure the kinetics of spontaneous capsid assembly /in vitro,
such as size exclusion chromatography (SEC) (J. M. Johnson et al., 2005; Singh & Zlotnick,
2003; Zlotnick, Aldrich, Johnson, Ceres, & Young, 2000), X-ray and light scattering (Casini,
Graham, Heine, Garcea, & Wu, 2004; C. Chen, Kao, & Dragnea, 2008; J. M. Johnson et al.,
2005; J. S. Johnson et al., 2010; Kler et al., 2012), cryo-electron microscopy (cryo-EM)
(Berthet-Colominas, Cuillel, Koch, Vachette, & Jacrot, 1987; Prevelige, Thomas, & King,
1993), and atomic force microscopy (AFM) (Bernaud et al., 2018; Castellanos, Pérez,
Carrillo, de Pablo, & Mateu, 2012; Medrano et al., 2016). It has been a challenge to capture
the entire capsid assembly process, and many studies were only able to detect two-states of
the capsid assembly process: complete capsids or small oligomers referred to as assembly
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units (AUs) (Katen & Zlotnick, 2009a). The size of these AUs is subject to variation
depending on the virus. For example, HBV, human rhinovirus, and MVVM appear to have
dimers, pentamers, and trimers for AU, respectively (Medrano et al., 2016; Zlotnick & Fane,
2010).

Due to the transient nature of the intermediate species of viral assembly, computational
models and simulations have been valuable in elucidating the assembly pathways of
different viruses. For example, a combination of /n silico and in vitro experiments revealed
that the ratio of complete capsid concentration to free AU concentration follows the law of
mass action’s equilibrium concentration condition (Ceres & Zlotnick, 2002; Hagan, 2014;
Perlmutter & Hagan, 2015). Since capsid intermediates are not readily observed
experimentally, the concentration of intermediates can be considered negligible, and the
relationship between completely assembled capsid and excess free floating assembly units
AUs can be modelled with the two-state approximation, considering only the two states -
complete capsids and free AUs (Katen & Zlotnick, 2009a).

[capsid] = [AU]NKcapsid @

Equation 1 shows the equilibrium condition between the two states with [capsid] as the
concentration of fully assembled capsid, K;4psizas the global kinetic constant for capsid
association, [AU] as the concentration of free assembly units, and AV as the number of AUk
in a completed capsid. The fraction of total AU that becomes incorporated into complete
capsids, £ can therefore be given by

_ Nlcapsid]

= 2
f [AU,] @

with [AU7] being the total concentration of assembly units. Based on equation 1, the
completed capsid concentration scales with the power of N. The steep concentration
dependence on [AU] resembles a critical concentration — a crystallization concept that
describes the concentration below which no capsids are formed, and above which a “phase-
transition” would occur where all AUswould assemble into capsids. However, as a
consequence of the equilibrium condition in equation 1, there does not seem to be a
maximum concentration limit for the [AU], and capsid assembly would be possible at even
low concentration. Therefore, the capsid assembly process is more accurately described
using a pseudo-critical concentration, [AU*] — below which most [AU] are free (K 1), and
above which most AUs would assemble into complete capsids (£~ 1 — [AU*]/[AUA)
(PerImutter & Hagan, 2015; Zlotnick & Fane, 2010). The pseudo-critical concentration also
enables the calculation of Gibbs free energy of assembly, which can be used as a
measurement of how stable the viral capsid is thermodynamically with the law of mass
action:
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[AU*] exp(%) 3)

We can then use van’t Hoff analysis to extract enthalpic and entropic contributions from the
Gibbs free energy to find the driving force of capsid formation (Ceres & Zlotnick, 2002).
Through this analysis, it was discovered that HBV capsid formation is driven by entropy and
that the weak interactions between the viral subunits are sufficient to induce stable capsid
formation (Ceres & Zlotnick, 2002; Katen & Zlotnick, 2009b).

To fully elucidate the steps that lead to complete capsid formation, Zlotnick and colleagues
have formulated a system of rate equations that follow the nucleation and elongation steps of
polymer or crystal formation (Zlotnick, 1994, 2005; Zlotnick, Johnson, Wingfield, Stahl, &
Endres, 1999) which allows for the prediction of Kinetic traps of capsid formation, as well as
the hysteresis of assembly and disassembly (Singh & Zlotnick, 2003; Zlotnick, 2005;
Zlotnick, Johnson, et al., 1999). This model also helps explain when and why capsid
assembly can fail. If the association energy is high enough to prevent dissociation of AUs,
the transient intermediates become too stable and the thermodynamics of the system
becomes a barrier resulting in many half-formed capsids without sufficient numbers of free
AUs to complete the formation of capsids, leading to a lower proportion of completed
capsids. Alternatively, if the nucleation reaction happens too quickly, then there are too
many starting sites and insufficient free AUs to complete all the partially formed capsids
(Katen & Zlotnick, 2009b; A. Zlotnick & Fane, 2010). Due to this insight, /n silico
modification to the forward reaction rate coefficient or association energies can rescue the
capsid formation from the kinetic traps, helping to identify, predict, and perhaps optimize,
the reaction conditions (e.g. protein and salt concentration, pH) required for successful in
vitro capsid formation. Additionally, the nucleation step is fully compatible with Caspar’s
autostery mechanism, where the free subunits of a capsid undergo a conformational change
before becoming “activated” for assembly (D. L. Caspar, 1980). For a more rigorous review
of kinetics and thermodynamics models of virus assembly please refer to (Hagan, 2014;
Katen & Zlotnick, 2009a; Perlmutter & Hagan, 2015; A. Zlotnick & Fane, 2010).

The thermodynamic-kinetic analysis uncovered great insights into the pathway of capsid
assembly. However, this treatment of capsid assembly is often difficult to recapitulate
experimentally as many viruses are unable to form capsids spontaneously /n vitro.
Therefore, it has also been important to study capsid disassembly and measure capsid
energies in these viruses. However, experiments have shown that completed capsids do not
disassemble to the same fraction of AU that forms capsid, 7, that the assembly process
would have reached given the same concentration of total AUs. In fact, capsid disassembly
needs to be induced using mechanical indentation (Castellanos et al., 2012), thermal
denaturation (Horowitz et al., 2013), or chaotrophic salt solutions (Singh & Zlotnick, 2003).
The process of disassembly appears to require more energy than the assembly process, and
the measured free energy for disassembly is often higher than the free energy of assembly.
This hysteresis between assembly and disassembly can be explained by the kinetic model of
capsid assembly. While the global thermodynamics of the capsid drives disassembly, the
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local kinetics of the disassociated AUs favors association over disassociation, indicating that
the capsid is thermodynamically unstable but kinetically stable, as was shown in HBV
(Morozov, Bruinsma, & Rudnick, 2009; Singh & Zlotnick, 2003).

Recently, AFM indentation and thermal denaturation experiments have shown the accuracy
of theoretical models in predicting the pathway of capsid disassembly for MVM, a small
T=1 icosahedral virus (Castellanos et al., 2012; Medrano et al., 2016). For a more in-depth
review of mechanical indentation and perturbation of viral capsids using AFM, refer to the
review by Roos et a/. (Roos, Bruinsma, & Wuite, 2010). The disassembly of virus capsids
appears to be dependent on serotypes, as various studies demonstrate that the capsid
disassembly profile can be used to identify specific serotypes of the virus (Bennett et al.,
2017; Pacouret et al., 2017).

In summary, by using simple systems of rate equations, researchers have been able to
develop a high-level view of the capsid formation and disassembly pathways which helps
explain and predict capsid assembly and disassembly rates and extents. It also allows for the
calculation of AG for capsid formation as well as subsequent thermodynamic analysis. By
understanding the biophysical rules for natural capsid assembly and disassembly, currently
existing viruses may be manipulated to exhibit altered assembly/disassembly behaviors, or
synthetic viruses may be created from non-viral components that mimic the properties of
natural viruses.

Capsid Metastability and Conformational Switching—The hypothesis that viral
capsids are Kinetically stable but thermodynamically unstable makes intuitive sense in the
context of the virus life cycle. A virus particle must be able to stay intact in environments
with very few of its constituent AUs, like inside the host organism. It must be able to protect
its genome from extracellular and intracellular defences of the host but must then
disassemble to deliver its genome inside the appropriate host nucleus. Capsid metastability
refers to the concept that the capsid is stable but is not in its most favorable energetic state,
therefore allowing for disassembly or conformational changes to happen readily under the
correct conditions.

Metastability of the capsid is an important trait for many viruses. For example, metastability
of the AAV capsid is critical for its infectivity. The AAV capsid is made up of three variants
of viral proteins (\VVPs), with the common overlapping region VP3. VP2 has, in addition to
the VP3 domain, a nuclear localization sequence at the N-terminus. VP1, the longest of the
V/Ps, overlaps VP2 and has an additional phospholipase A2 domain on the N-terminus. The
three variants exist in an approximate ratio of 1:1:10 (VP1, VP2, VP3)(J. S. Johnson et al.,
2010). The N-termini of VP1 and VP2 subunits are not exposed on the capsid surface until a
capsid conformational change occurs inside the host cell endosome. The newly externalized
VP1 and VP2 domains allow for endosomal escape and nuclear localization of the virus
(Bleker, Sonntag, & Kleinschmidt, 2005; Kronenberg, Bottcher, von der Lieth, Bleker, &
Kleinschmidt, 2005; Sonntag, Bleker, Leuchs, Fischer, & Kleinschmidt, 2006; Thomas,
Storm, Huang, & Kay, 2004). AAV’s metastability has recently been harnessed to develop a
platform of viruses able to externalize exogenous peptides upon activation (Thadani,
Dempsey, Zhao, Vasquez, & Suh, 2017). Interestingly, mosaicism of the capsid — differing
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subunits assembling to form the capsid — appears to be a requirement for obtaining robust
activatable peptide display with AAV.

The metastable properties of viral capsids have been exploited to package different cargo
within the capsid lumen (Loo, H. Guenther, A. Lommel, & Franzen, 2008; Ren, Wong, &
Lim, 2006; Yildiz, Lee, Chen, Shukla, & Steinmetz, 2013). Interestingly, some viral capsids
undergo structural swelling as the conformation of their protein subunits change under
different pH or metal ion concentrations (Cao et al., 2014; Liu, Qu, Johnson, & Case, 2003;
Oda et al., 2000). For example, CCMV can expand as much as 10% radially when the pH is
raised from pH 5 to 7 in the absence of divalent cations (Figure 2a) (Tama & Brooks, 2002).
This swelling results in the formation of larger pores in the capsid, allowing therapeutics or
imaging agents to gain entry into the capsid lumen and subsequently become entrapped upon
reversal of the pH (Loo et al., 2008; Tama & Brooks, 2002; Yildiz et al., 2013). Future
studies investigating, harnessing, or reprogramming the viral capsid’s metastability may
yield VNPs with new functional properties for biotechnological or biomedical applications.

Capsid Polymorphisms and Geometries—\Virus capsids exist as metastable structures
that display polymorphic behavior. The interplay between thermodynamic and kinetic
stability create an energy landscape with multiple local minima. The same capsid subunits
can give rise to multiple forms, each falling into a locally stable conformation and geometry.
This polymorphism has been directly observed in viruses that form spontaneously /in vitro,
such as HBV (Schlicksup et al., 2018; Zlotnick, Palmer, et al., 1999) and nodavirus (Bajaj &
Banerjee, 2016). Using thermodynamics and kinetics (Moerman, van der Schoot, & Kegel,
2016; Nguyen, Reddy, & Brooks 111, 2009), as well as molecular dynamics modelling
(Hagan & Zandi, 2016; Nguyen et al., 2009) researchers are trying to further elucidate the
spontaneous assembly processes of viral capsids that lead to polymorphic structures.

HBYV is a well-characterized virus that displays this polymorphic property. Complete HBV
capsids with different numbers of VPs can be formed with different icosahedral
triangulations numbers, T=3 and T=4 (Moerman et al., 2016; Schlicksup et al., 2018;
Zlotnick, Palmer, et al., 1999). While the two capsids have different amounts of VVPs, their
stabilities are identical through AFM indentation studies (Uetrecht et al., 2008). Recent work
using coarse-grain thermodynamics to model the formation of T3/T4 HBV capsids
successfully recapitulated the distribution of the HBV capsid dimorphism (Kim & Wu,
2014; Moerman et al., 2016). SV40 also exhibits capsid polymorphisms and can be
manipulated to form capsids of different configuration (T=1, T=7) depending on the nucleic
acid scaffold provided (Bruckman, VanMeter, & Steinmetz, 2015; Kler, Wang, Dhason,
Oppenheim, & Zlotnick, 2013).

TMV is a rod-like virus that can be tuned geometrically for different applications. TMV can
form infectious virion spontaneously in the presence of its RNA genome, a high-affinity
origin of assembly, and free VVPs (Shukla, Eber, et al., 2015; Steinmetz, 2010). By tuning the
length of the RNA genome, TMV particles with different numbers of VVPs can be generated,
resulting in TMV rods of various lengths (Figure 2b). Interestingly, TMV particles with
different aspect ratios result in different /n vivo biodistribution, tumor homing, and longevity
(Bruckman, Czapar, VanMeter, Randolph, & Steinmetz, 2016; Shukla, Eber, et al., 2015).

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 8

TMV can also be manipulated to assume various shapes, from spherical particles to
nanoboomerangs and tetrapods with each conformation exhibiting interesting properties
(Bruckman et al., 2015; Eber, Eiben, Jeske, & Wege, 2015). For example, spherical TMV
nanoparticles were used to create a potent MRI imaging agent delivery system (Bruckman et
al., 2013, 2015). Similarly, potato virus X (PVX) can also be made into spherical
nanoparticles through heat treatment (Nikitin et al., 2016). These various shapes of TMV
and PV X demonstrate the ability of the viruses to assume specific configurations which can
be harnessed as biological scaffolds for different applications (Koch et al., 2015).

Studying the polymorphism of viral capsids has increased our understanding of how virus
capsids assemble. Further work in this area may allow us to develop an even greater
repertoire of virus subunit-based nanodevices with different morphologies and
configurations for packing different cargos. Through the understanding of capsid
metastability, we have seen that viral capsids can respond differently in different physical
(e.g. temperature) and chemical (e.g. pH) environments. To further control viral capsid’s
interactions and responses to the local environment, we will now discuss chemical and
genetic design strategies used in the field.

CHEMICAL VIROLOGY

Virus capsids are chemically addressable nanoscale structures. Chemical virology focuses on
modifying the virus capsid using chemistry-based techniques. In viruses with a
proteinaceous capsid, chemical modification of said capsid can generally be categorized into
three locations: 1) exterior surface, 2) interior surface, and 3) subunit interface. In this
section, various chemical methods to modify viruses at these three locations will be
reviewed.

Exterior Surface—The exterior capsid surface is readily exposed to the environment and
can easily undergo bioconjugation to alter virus behavior. Bioconjugation is a chemical
modification that results in formation of a covalent bond between two molecules, at least one
of which is a biomolecule. When activated, chemical functional groups on the proteinaceous
capsid of VNPs provide sites for conjugation. These functional groups can form covalent
bonds directly with a molecule of choice (direct attachment) or interact with the desired
molecules through adaptors (indirect attachment). Described below are some bioconjugation
techniques and their applications in creating VNPs.

Direct Conjugation to Lysines and Cysteines on Capsid: In the simplest bioconjugation
scheme, non-viral components, such as proteins, peptides, and small molecules, can be
chemically conjugated to the capsid surface via NHS-ester chemistry to exposed lysine
(Figure 3a) or maleimide chemistry to cysteine residues (Figure 3b). The reader is referred
to another review for a more thorough overview of bioconjugation techniques (Mavila,
Eivgi, Berkovich, & Lemcoff, 2016). These conjugation schemes have been used for a
variety of targeting purposes (Ren, Wong, & Lim, 2007; Huang, Steinmetz, Fu, Manchester,
& Johnson, 2011; Lockney et al., 2011; Barwal, Kumar, Kateriya, Dinda, & Yadav, 2016).
Carbodiimides such as 1-ethyl-3-[3-dimethyl-aminopropyl]carbodiimide hydrochloride
(EDC), for example, has been used to conjugate folic acid to the surface of the cucumber
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mosaic virus to deliver the chemotherapy doxorubicin to folate receptor-overexpressing
cancer cells (Zeng et al., 2013).

Click Chemistry: “Click” chemistries are bioconjugation reactions that are simple to
perform and result in products that do not require chromatography to purify (Kolb, Finn, &
Sharpless, 2001). The most commonly used click chemistry reaction is copper(l)-catalyzed
azide/alkyne cycloaddition (CUAAC) (Figure 3c) (Hein & Fokin, 2010), which has been
used to conjugate a variety of molecules to the virus capsid (Destito, Yeh, Rae, Finn, &
Manchester, 2007; Steinmetz et al., 2011; Hovlid et al., 2012; C.-C. Chen et al., 2016; Hu et
al., 2017). For example, a two-step labeling procedure was used to produce adenovirus
particles bearing an N-azidoacetylglucosamine (O-GIcNAz) at Ser109 position of the fiber
protein, which provides a handle for “click” chemistry attachment of folate, resulting in a
~20 fold increase in transduction of breast cancer cells (Partha Sarathi Banerjee,
Ostapachuk, Hearing, & Carrico, 2010).

Click chemistry has also been used to conjugate fibrin-targeting peptides to both the
icosahedral CPMV and the rod-shaped TMV carrying contrast agents to study their ability to
target thrombi (Wen et al., 2015). Interestingly, the authors found that while addition of the
targeting ligand to the viruses was able to increase thrombi targeting /n vitro, the shape of
the nanoparticle has a significantly greater effect than surface chemistry /n vivo, with the
elongated TMV showing the most enhanced thrombus detection regardless of the presence
of a targeting ligand. Discrepancies in in vitro versus in vivo targeting is also seen with
RGD-conjugated versus PEGylated PV X, where superior performance of RGD-PVX in the
in vitro setting did not carry over /n vivo (Shukla, DiFranco, Wen, Commandeur, &
Steinmetz, 2015).

Viruses have also been altered for photodynamic therapy (PDT) using click chemistry.
Photodynamic therapy (PDT) is used in conjunction with a photosensitizer, which normally
leads to generation of reactive oxygen species, to Kill target cells in the presence of light.
The photosensitizer Cgg has been conjugated to surface-exposed lysines on Qp
bacteriophage VNPs using NHS and CUAAC based techniques (Wen et al., 2012). These
VNPs accumulated in human prostate cancer cells and displayed increased killing /n vitro
post-phototherapy compared to dark conditions. Recently, photocleavable nitroveratryl
compound has been used to link doxorubicin to the external surface of bacteriophage QP for
PDT (Z. Chen, Li, Chen, Lee, & Gassensmith, 2016). CUAAC chemistry was used to attach
the photolinker and doxorubicin to surface exposed amines on Q. Native disulfide bonds
were reduced to free thiols and re-bridged using thiol-dibromomaleimide chemistry, which
allows for reformation of the disulfide bonds to maintain capsid stability while providing
additional functional groups for the attachment of PEG molecules to increase solubility. This
dual functionalization was required, as conjugation of the drug alone led to aggregation and
precipitation. The PEGylated dox-conjugated VNP was able to kill breast cancer cells in
vitro after 15 minutes of exposure to light but had minimal cytotoxicity with no light
exposure.

Biotin-Based Attachment of Moieties: Biotin is a eukaryotic co-factor that has a high-
affinity to the avian/amphibian protein avidin and other biotin-binding proteins such as
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streptavidin. The use of a biotin-avidin system provides modularity to capsid modification,
as attachment of one binding partner to the virus capsid allows conjugation to nearly any
molecule labeled with the other binding partner. Biotinylation is relatively simple to
accomplish, as biotin is small and rarely interferes with the function of labeled molecules.
Furthermore, photoactivatable biotin can attach non-specifically to nearby molecules upon
exposure to ultra-violet light. Photoactivatable biotin was covalently conjugated to
adenoviral vectors, which was then used to attach biotinylated targeting ligands through an
avidin bridge to achieve increased transduction of target cells /n vitro (J. S. Smith et al.,
1999). This concept was later applied to AAV (Ponnazhagan, Mahendra, Kumar, Thompson,
& Castillas, Jr., 2002). Biotin was conjugated to surface-exposed lysines on the AAV
serotype 2 capsid, and fusion proteins containing streptavidin and targeting proteins human
epidermal growth factor (EGF) or human fibroblast growth factor 1a. (FGFla) were
prepared separately and then mixed with the vector. This modular design approach allows
the targeting ligand to be swapped without requiring modification of the biotinylated vector,
increasing the flexibility and ease of translating this platform for use in other applications.
Similarly, streptavidin was used to couple biotinylated CCMV to biotinylated anti-SpA
monoclonal antibody recognizing SpA on the surface of Staphylococcus aureus bacterial
cells to create VNPs capable of penetrating biofilms to locate S. aureus (Suci, Berglund, et
al., 2007). Subsequently, the authors conjugated a ruthenium-based photosensitizer to the S.
aureus targeting CCMV VNPs for PDT (Suci, Varpness, Gillitzer, Douglas, & Young, 2007).

Unfortunately, chemical biotinylation of viral vectors can lead to nonspecific labeling where
the conjugation does not occur evenly on a capsid that has multiple functional groups
(Lesch, Kaikkonen, Pikkarainen, & Yl&-Herttuala, 2010). To gain finer control over the
exact number and location of chemical reactions, genetic modification may be used to
incorporate adaptors that are not found in the wild-type capsid. Thus, metabolic methods for
biotinylation were developed for viral vectors using a genetically encoded biotin acceptor
peptide (BAP) that is enzymatically biotinylated by holocarboxylase synthetase endogenous
to human cells (Arnold, Sasser, Stachler, & Bartlett, 2006; Campos, Parrott, & Barry, 2004;
Kaikkonen, Viholainen, Nérvanen, Yl&-Herttuala, & Airenne, 2008; Pereboeva, Komarova,
Roth, Ponnazhagan, & Curiel, 2007; Réty et al., 2004). Additionally, BAP and biotin ligase
can be used in conjunction with a ketone probe to allow for conjugation of hydrazide- or
hydroxylamine-functionalized targeting molecules onto AAV serotype 1 capsids, bypassing
the need for an avidin/streptavidin intermediate (Kaikkonen et al., 2008; Raty et al., 2004;
Stachler, Chen, Ting, & Bartlett, 2008).

Unnatural Amino Acids: Unnatural amino acid (UAA) incorporation has also been used to
increase chemical diversity and introduce functionality at specific sites on the viral capsid.
The amber codon suppression method is one technique for UAA incorporation, in which
orthogonal transfer RNAs (tRNAs) and aminoacyl-tRNA synthetases are engineered to
recognize the amber stop codon (“UAG”) and insert UAAs at that site (Mehl et al., 2003;
Xie & Schultz, 2006). Successful incorporation of the UAA results in full length capsid
proteins, while failure to incorporate the UAA results in a truncated and non-functional
protein that is unlikely to be incorporated into the assembled virus capsid. This technique
was used to introduce the unnatural amino acid p-aminophenylalanine (paF) into the capsid
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of bacteriophage MS2, to which aptamers targeting Jurkat leukemia T cells were
subsequently attached (Tong, Hsiao, Carrico, & Francis, 2009). Porphyrin 1, a
photosensitizer for PDT, was then attached to cysteine groups that had been genetically
introduced to the inside of the bacteriophage using maleimide chemistry. The resulting VNP
was able to selectively kill Jurkat cells /n vitro within 20 minutes of exposure to light
(Stephanopoulos, Tong, Hsiao, & Francis, 2010). UAA incorporation was also used to
retarget AAV towards ovarian cancer cells through attachment of the RGD motif (Kelemen
et al., 2016), and to attach fluorophores to AAV serotype 2 for tracking intracellular
trafficking (C. Zhang, Zhou, Yao, Tian, & Zhou, 2018). UAA has been used in conjunction
with B-linked N-acetylglucosamine (O-GIcNAC) to attach both the folate targeting moiety
and therapeutic taxoid to adenovirus for combination therapy (Banerjee, Ostapchuk,
Hearing, & Carrico, 2011; Banerjee, Zuniga, Ojima, & Carrico, 2011).

Polymers: Polymers have been conjugated to the viral capsid to improve vector properties.
Polyethylene glycol (PEG) is a compound with a long history in biomaterials and polymer
chemistry that was first appropriated for use in chemical virology to coat adenovirus in order
to decrease viral immunogenicity (Chillon, Lee, Fasbender, & Welsh, 1998; O’Riordan et
al., 1999). The presence of PEG on the virus surface drastically changes the capsid
landscape, thus altering or abolishing native tropism and antibody recognition (Wonganan &
Croyle, 2010). The use of PEG as crosslinkers also facilitates the attachment of other
molecules by acting as a spacer between the viral capsid and the attached molecule, thereby
improving conjugation efficacy and vector stability. For example, a polyethylene glycol
(PEG)-based crosslinker containing an NHS ester on one end and a maleimide on the other
was used to attach a cysteine-terminated epidermal growth factor receptor (EGFR) targeting
peptide to surface-exposed lysines on potato virus X (PVX) (Chariou et al., 2015). This
strategy resulted in increased cell uptake in EGFR-positive cancer cell lines with minimal
uptake in EGFR-negative cells.

Another polymer used in conjunction with viruses is the multivalent poly-[N-(2-
hydroxypropyl)methacrylamide] (pHPMA). One advantage of pHPMA over PEG is that
pHPMA can be functionalized through its side-chain hydroxyl group to incorporate
molecules such as targeting ligands, imaging agents, and drugs (Tucker & Sumerlin, 2014).
In virus engineering, pHPMA was first used to covalently conjugate basic fibroblast growth
factor (bFGF) and vascular endothelial factor (VEGF445) to the surface of adenoviral
vectors, retargeting the vectors to cells expressing FGF or VEGF receptors, respectively
(Fisher et al., 2001; Green et al., 2008). pHPMA has also been conjugated to AAV vectors
(Carlisle et al., 2008). Interestingly, pHPMA/amine-reactive thiazolidine-2-thione copolymer
is unable to react with AAV serotype 5 (AAV5) capsids due to insufficient availability of
reactive amines. To fix this issue, AAV5 was modified with EDC and hexanediamine (HD)
to convert free carboxyl groups on the capsid surface to amine groups to provide attachment
points for the pHPMA copolymer. This modification allowed for successful coating with
pHPMA, resulting in ablation of native tropism and allowing for retargeting. AAV serotype
8, on the other hand, was successfully detargeted via pHPMA copolymer coating and
retargeted with various ligands without requiring EDC/HD pre-modification, likely due to a
sufficient number of chemically addressable amine groups.
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Atom-Transfer Radical Polymerization: Atom-transfer radical polymerization (ATRP) is a
controlled polymerization technique which allows for monomers to be polymerized to small
initiators that are first conjugated to the virus capsid. ATRP has been used to create a pH-
responsive nanodevice based on the QP bacteriophage (Pokorski, Breitenkamp, Liepold,
Qazi, & Finn, 2011). Azide groups were first added to capsid external amines followed by
CUuAAC to attach ATRP initiators, to which oligo(ethylene glycol)-methacrylate (OEGMA)
and an azido-functionalized analogue (OEGMA-N3) were added. The chemotherapy drug
doxorubicin was then conjugated to the azide-functionalized polymers using an alkyne-
functionalized hydrazine linker. Under acidic environments (pH 5.5), the hydrazine linkers
are cleaved, and the drug is released. This formulation led to a VNP that was able to achieve
a similar level of toxicity in HelLa cells as free doxorubicin. But unlike free doxorubicin, this
VNP was pH-sensitive and released the drug only under acidic environments, leading to
targeted delivery and decreased side effects.

Interior Surface—Modifications to the interior surface of capsids is often performed to
provide new functionalities within the capsid lumen (Hooker, Kovacs, & Francis, 2004),
introduce non-native material such as imaging agents (Lewis et al., 2006) and therapeutic
drug molecules (Flenniken et al., 2005), or turn viruses into constrained and controllable
reactors for material synthesis (T. Douglas et al., 2002; Trevor Douglas & Young, 1998)
(Figure 4).

Functionalization of Capsid Interior: Modification of the capsid interior can lead to
improved or new functions. An early example involved modification of the interior capsid
surface of bacteriophage MS2 (Hooker et al., 2004). To functionalize the capsid interior, the
native RNA genome was first removed via alkaline hydrolysis and the empty capsids were
isolated via precipitation. An internally exposed tyrosine residue on the MS2 capsid was
then modified using a multi-step strategy to attach an o-imino-quinone handle to serve as a
highly reactive functional group. In another example, the interior of TMV, which does not
have amino acid side chains commonly used in bioconjugation approaches, was
functionalized by attaching amines to glutamic acid residues through a carbodiimide
coupling reaction (Schlick, Ding, Kovacs, & Francis, 2005). This allowed for dual-surface
modification of the virus and expands the functional capabilities of the vector. The capsid
lumen of CCMV was modified using a slightly different strategy. The N-terminus of each
subunit is positively charged and face towards the inside of the capsid, creating a cationic
interior environment. Exploiting this localization of the N-terminus, fluorescent dye cargo
was conjugated to the interior of the capsid via a bio-orthogonal vinylboronic acid handle
and dipyridyl-s-tetrazine moiety (Schoonen et al., 2018). These proof-of-concept studies
show that new functionalities can be introduced into the capsid lumen.

Improved Encapsidation: Viral capsids provide protection for their cargo, making them
ideal delivery vectors for degradation-sensitive materials. Bacteriophage P22, for example,
has an icosahedral capsid consisting of 420 coat protein monomers that are assembled with
the aid of several hundred scaffolding proteins. Fusion of cargo proteins to the scaffolding
proteins result in their encapsidation in the virus (Patterson, Prevelige, & Douglas, 2012;
Patterson, Schwarz, Waters, Gedeon, & Douglas, 2014). ATRP with polyacrylate and
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polyacrylamide has also been performed in P22 (Lucon, Edwards, Qazi, Uchida, & Douglas,
2013; Lucon et al., 2012). When the initiators are conjugated to the inside of the virus,
ATRP allows for the filling of capsids with synthetic polymer and without a need for
working with large bulky polymers. The nature of the polymerization reaction is dependent
on the initiation site; initiation at the single point mutation S39C results in polymerization
that is confined to the interior of the capsid, and initiation from the K118C site results in
polymerization with partial exposure on the external capsid surface and requires crosslinking
to be fully constrained within the capsid. The resulting polymer network provides an
abundance of functional groups that can be used as a scaffold for further conjugation
reactions. Attachment of molecules such as fluorophores and contrast agents show an order
of magnitude increase in incorporation compared to P22 with no internal polymerization.
ATRP has also been used to fill the bacteriophage QP with a cationic polymer complexed
with small interfering RNA, resulting in enhanced virus internalization by mammalian cells
that appear to follow a different mechanism of uptake and intracellular distribution
compared to wild-type capsid (Hovlid et al., 2014).

Orthogonal modification of both external and internal surfaces of the capsid can be
performed to provide further functionalization, with exterior modifications altering virus
behavior while interior ones alter virus cargo. Recently, P22 has been used to encapsidate
cytochrome P450 enzymes (CYP) (Chauhan et al., 2018). Tamoxifen, an endocrine therapy
for breast cancer, requires metabolic activation by CYP which is low in concentration at
tumor sites. CYP-containing P22 that is further externally modified with a photosensitizer
and an estradiol based targeting ligand is able to target ER+ breast cancer cells to allow for
dual therapy through enhanced tamoxifen/CYP effects and PDT.

Molecules can also be encapsidated alongside native viral genomes. In cucumber mosaic
virus, the positively-charged chemotherapeutic doxorubicin was incubated with virus
containing RNA genomes, allowing doxorubicin to infuse through open pores in the capsid
to associate noncovalently with the viral genome (Zeng et al., 2013). The addition of
RNAse, which also appears to be able to diffuse through open pores in the capsid, caused
degradation of viral RNA and greatly increased the rate of doxorubicin release from the
virus. Folic acid was conjugated to surface-exposed lysines and the targeted VNP
encapsidating doxorubicin showed less cardiotoxicity and enhanced antitumor effects in a
mouse ovarian cancer model.

Viruses as Nanoreactors: Viruses’ ability to encapsidate molecules and provide a
contained, spatially limited, and controllable interior environment allows them to serve as
protein cages for material synthesis. CCMV is one early example of a viral bioreactor. In
addition to having its N-terminus reside within the capsid interior, the capsid undergoes a
reversible pH-dependent swelling that allows for the exchange of large molecules between
the virus cavity and the bulk medium. Mineralization of polyoxometalate species in CCMV
was facilitated by pH-dependent gating of capsid pores (Trevor Douglas & Young, 1998).
Additionally, altering the interior surface of CCMV from cationic to anionic to promote
oxidative hydrolysis can lead to size-constrained iron oxide formation within the capsid (T.
Douglas et al., 2002). Since these early reports, other viruses have also been used as
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containers for biomineralization of inorganic metal-based nanoparticles, as reviewed
elsewhere (Bain & Staniland, 2015; W. Zhang et al., 2017).

Viruses can also be converted into nanoreactors through the encapsidation of enzymes and
small molecules, allowing for increased control over reaction conditions and providing a
system mimicking subcellular organelles. The reversible pH-dependent swelling of the
CCMV capsid can be used to encapsidate a single type of molecule, but may result in
uncontrollable encapsidation behavior if multiple molecules must be incorporated
(Comellas-Aragonés et al., 2007). Instead, multiple molecules can be encapsidated in a
controllable manner by heterodimerization of the enzymes with capsid subunits using a
coiled-coil linker and mixing this heterodimer with wild-type capsid proteins for capsid
assembly (Minten, Hendriks, Nolte, & Cornelissen, 2009). Using this method to encapsidate
enzymes leads to increased activity compared to free enzyme (Minten et al., 2011).
Although using this heterodimerization strategy does not require the enzyme to be
covalently attached to the capsid subunits, it does require the attachment of the coiled-coil
protein linker, about 21 amino acids in length, to both the enzyme and the capsid subunits.

Another strategy for CCMV encapsidation of molecules involves sortase A, a gram-positive
bacteria-derived enzyme, which was used to catalyze the covalent linking of an enzyme
(tagged at the C-terminus with the LPXTG-motif) and CCMV subunits (tagged at the N-
terminus with glycine) (Schoonen, Pille, Borrmann, Nolte, & van Hest, 2015). This resulted
in attachment of small molecules in up to 58% of the subunits and of 16—18 proteins per
capsid. Sortase A has also been used to attach the larger T4 lysozyme to the luminal CCMV
N-terminus, with approximately 4 enzymes per capsid (Schoonen, Maassen, Nolte, & van
Hest, 2017). The activity of T4 lysozyme is highly dependent on the salt concentration and
pH of the environment, and the addition of nickel ions using a histidine tag originally
introduced for purification purposes was required for capsid stability. This proof-of-concept
study shows that large enzymes can be encapsidated in CCMV while retaining partial
activity. Further studies on the assembly/disassembly cycles of such a system can yield a
switchable nanoreactor that is able to shield and deliver active enzymes to targeted locations.

More recently, the CCMV capsid has been used to co-encapsidate different enzymes (Brasch
et al., 2017). Two enzymes from two separate cascade systems were covalently conjugated
to DNA, which served as the negatively charged template to trigger capsid formation. The
DNA-enzyme molecules were co-encapsidated in a controlled manner within the same
CCMV capsid. These enzymes are not covalently attached to the virus capsid. Such a system
creates nanoreactors containing multiple types of molecules that can be used as a model for
studying enzymatic reactions in a biological compartment. While the various methods of
enzyme encapsidation all seem to report increased enzymatic activity compared to free
enzyme, it is unclear how the increased activities compare between the encapsidation
strategies.

Capsid Subunit Interface—Non-covalent interactions at the subunit interface play an
important role in capsid assembly and structure (Figure 5a) (Trevor Douglas & Young,
2006). Various studies have examined the impact of crosslinking key residues at the subunit
interface on capsid stability. The CPMV capsid is composed of 60 copies each of two
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proteins that dimerize and form an icosahedral capsid. Tyrosine residues on adjacent capsid
proteins across the pentameric subunit boundaries were covalently crosslinked (Figure 5b)
(Meunier, Strable, & Finn, 2004). Surprisingly, no difference in stability was found between
the native and crosslinked capsids. The authors postulated that increased humber of
crosslinking reactions and crosslinking at inherently weaker interfaces may be necessary to
improve capsid stability.

AAV is an icosahedral virus made up of 60 subunits with a cluster of surface-exposed
tyrosine residues at the two-fold symmetry axes. Interestingly, when two capsid subunits are
“stitched” together at this axis using oxidative tyrosine crosslinking (Figure 5b), the
resulting crosslinked AAV vector displays decreased transduction efficiency (Horowitz,
Finn, & Asokan, 2012). Further investigation revealed that crosslinking at the two-fold
interface hinders surface display of the VP1 subunit N-terminus, which is necessary for
endosomal escape and nuclear translocation of vectors during the transduction process.
These results suggest that a certain degree of flexibility is necessary for the AAV capsid to
undergo the conformational changes involved in carrying out its function.

Another interaction between capsid subunits that has been explored is the role of disulfide
bonds in capsid stability and function (Figure 5a). Disulfide bonds are essential for
stabilizing pentamers in a simian virus 40-derived VNP (Li et al., 2014). Similarly,
intersubunit disulfide bonds contribute significantly to capsid stability of bacteriophage Qp
(Fiedler et al., 2012). However, in AAV, the five cysteine residues conserved across most
AAV serotypes may individually be important for virus formation and function but do not
appear to form essential disulfide bonds /n vitro (Pulicherla, Kota, Dokholyan, & Asokan,
2012). Thus, the importance of the disulfide bond appears dependent on the virus identity.

Polymer chains (poly(2-oxazolines)) have also been used to crosslink capsid subunits of
bacteriophage Qp via CUAAC click chemistry (Figure 5¢) (Manzenrieder, Luxenhofer,
Retzlaff, Jordan, & Finn, 2011). Wild-type QP is an icosahedron made up of 180 proteins
forming noncovalently interlocked subunits each with four surface-exposed amino groups.
These sites were derivatized with an adizo-NHS ester for CUAAC, by which polymer chains
were attached to the exterior of the capsid and crosslinked at multiple locations along the
chains. These covalent connections linked a single polymer to multiple capsid subunits,
thereby crosslinking them. The polymer-linked capsids were stable after heating at 100°C,
while wild-type QP experienced a loss of capsid integrity.

Although we are beginning to explore the subunit interface, we still do not completely
understand the intricacy of interactions in the viral capsid. Further studies are necessary to
address this crucial element of engineering viruses.

A major strength in capsid modification via bioconjugation lies in its simplicity and
versatility. In certain situations, only slight modifications of the capsid and ligand are
necessary to achieve drastic effects. In addition, multiple ligands may be incorporated onto
one capsid in a controlled manner using different functional groups, allowing for the
creation of multifunctional and complex VNPs. However, depending on the molecules
involved, coupling conditions may yield low efficiencies and non-specific reactions.
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Additionally, the previously discussed methods rely to a certain degree on the location of
residues native to the capsid, which may not be suitable for all applications. Other
approaches to modifying the capsid, as described in the next section, may be used to further
expand the use of viruses as programmable nanodevices.

SYNTHETIC VIROLOGY

Synthetic virology applies concepts and tools from engineering in order to program new
functionalities into viruses. The design approaches fall broadly into three main categories: 1)
rational design, 2) directed evolution, and 3) bioinformatics-driven design. Although the
approaches can be distinct, there are natural synergies at the interfaces of the three resulting
in combination strategies, such as using bioinformatics analysis to guide how virus libraries
are generated for directed evolution paradigms. Another important perspective in synthetic
virology is to conceptualize viruses as nanoscale devices that detect endogenous/exogenous
inputs and produce desired output responses. The reader is referred to other reviews that
focus on biomolecular computation by nanoplatforms (Evans, Thadani, & Suh, 2016) and
various endogenous and exogenous stimuli that can be used to control virus function (Brun,
Gomez, & Suh, 2017). We previously reviewed the synthetic virology field (Guenther et al.,
2014) and this section serves as an introduction and update to that review. In particular, we
will cover bioinformatics-driven design approaches in this current review. Moreover, we will
focus on capsid modification of viral vectors. For in depth review of viral genome
engineering aspects of synthetic virology, the reader is referred to the following reviews
(Gaj, Epstein, & Schaffer, 2016; Powell et al., 2016).

Rational Capsid Design—In general, rational design strategies use prior knowledge of
the virus and of functional “parts” that can be incorporated into the virus capsid in order to
endow new abilities onto a viral particle. This section will focus on peptides and proteins
that have been genetically integrated into virus capsids. Some of the earliest research on
creating synthetic VNPs focused on targeting viruses to different cellular receptors, and the
reader is referred to other reviews that cover these approaches (Waehler, Russell, & Curiel,
2007). Here, we will discuss rational design strategies used to render the virus bioactivatable
in response to extracellular or intracellular stimuli.

Matrix metalloproteinases (MMP) are upregulated in sites of many diseases including
various cancers (Mihlebach et al., 2010). MMP-responsive viruses have been engineered to
accept the extracellular input of protease activity, resulting in the output of targeted
transduction to these disease sites (Evans et al., 2016). One of the first protease-responsive
viruses developed was based on the Moloney murine leukemia virus (MMLV) (Schneider et
al., 2003). The virus displayed an EGFR-binding antibody fragment which was attached to
the viral envelope via an MMP-cleavable sequence. These engineered MMLV vectors were
sequestered to the cell surface, unable to internalize into cells, until there was sufficient
MMP activity to cleave the antibody fragments off from the virus envelope, allowing the
virus to internalize and transduce the host cell (Schneider et al., 2003). Therefore, the
MMLV would be infectious only in an area of high MMP activity, such as at diseased sites.
Subcutaneous tumor models have been shown to respond to intratumorally injected MMP-
activatable MMLYV vectors (Peng, Vile, Cosset, & Russell, 1999). The general concept has
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been expanded to create protease-activatable avian influenza virus (Szécsi et al., 2006),
measles virus (Mihlebach et al., 2010), and AAV (Judd et al., 2014).

Several variants of protease-activatable AAV vectors have been developed. The general
design involves insertion of a “peptide lock”, containing two MMP-cleavable sequences
flanking an “inactivating sequence”, into the AAV capsid such that the peptide lock blocks
the cell binding domain of the virus. The inactivating sequence, comprised of four aspartic
acid residues, serves to block cellular receptor binding and is removed in the presence of
high MMP levels. Initially, it was hypothesized that the negative charge of these amino acids
plays an important role in electrostatically repelling the virus capsid interaction with the
negatively charged cell surface heparan sulfate proteoglycans. However, further studies
demonstrated amino acids of other chemical properties can also function as an inactivating
motif, but the resulting vectors experience deficiencies in capsid formation (Robinson, Judd,
Ho, & Suh, 2016). One problem faced by the protease-activatable AAV vectors is that
transduction efficiency does not return to that of the wild-type virus once the locks are
cleaved. Thus, protease-activatability is achieved at the cost of decreased gene delivery
efficiency. One potential way to overcome this problem is to create mosaic vectors that have
mixed capsid subunits (Ho et al., 2014). When mosaic capsid vectors with varying ratios of
protease-activatable and wild-type (wt) AAV subunits were generated, it was found that
increasing the ratio of wt to protease-activatable subunits results in higher transduction
efficiency but at the price of higher efficiencies even in the locked state (Ho et al., 2014).
Therefore, the mosaic capsid approach alone is not the optimal solution for obtaining AAV
vectors that are both protease-activatable and highly efficient in transduction. Interestingly,
the protease-activatable AAV vector displays a nonlinear input-output function such that
majority of the inserted peptide locks need to be cleaved off the capsid to achieve half of the
maximum activation level. This nonlinearity allows for the programming of logic gates, such
as an AND gate that results in vectors able to deliver transgenes only when certain
combinations of MMPs, such as MMP-7 and MMP-9, are present (Judd et al., 2014).
Overall, protease-activatable AAV is a viable vector platform that is currently being
optimized for therapeutic use and target specificity.

In addition to extracellular proteases, viruses can be designed to be responsive to other types
of stimuli. For example, the intracellular AAV transduction process has been engineered to
be activatable by light (Gomez, Gerhardt, Judd, Tabor, & Suh, 2016). The system uses the
interaction between Phytochrome B and Phytochrome interacting factor 6 (PIF6) to create
VNPs that translocate into the nucleus more efficiently under activating light conditions.
Phytochrome B and PIF6 associates under red light and dissociates under far-red light. The
phytochrome B used in this study was designed to display a strong nuclear localization
sequence that can help PIF6-modified AAV vectors to translocate from the cytoplasm into
the nucleus upon exposure to red light, thus increasing gene expression. The use of
photomasks together with the engineered system allows for controlled areas of high gene
expression (Gerhardt et al., 2016; Gomez et al., 2016).

While the prior two examples demonstrate reprogramming the input of viral vectors, the
output of viral vectors can also be reprogrammed in a rational manner. The AAV capsid
undergoes a natural conformational change inside the host cell endosome due to low pH and
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other unknown factors (Menkatakrishnan et al., 2013). Specifically, the N-termini of VP1 and
VP2 capsid subunits are initially hidden but then are externalized onto the capsid surface
upon internalization into the cellular endosome. By creating a series of truncated VP2 capsid
subunits, VNPs with variable abilities to perform activatable peptide display were generated
(Figure 6) (Thadani et al., 2017). Mosaic capsids with different ratios of activatable and wt
subunits display a wide range of behaviors, with some VNPs displaying peptides in a
“brush-like” configuration that is always externalized and others displaying peptides only
upon activation. The reprogrammed AAV vectors with variable peptide display behaviors
may be used in the future to deliver peptide therapeutics and modulate vector properties such
as specificity and immunogenicity.

Directed Evolution of Virus Capsids—Directed evolution is a method that mimics
natural evolution by utilizing rounds of mutation and selection to identify mutants that meet
a user-defined goal (Lutz, 2010). William Stemmer published one of the most commonly
used protocols for directed evolution (Stemmer, 1994) and was the pioneer of many of its
applications in bacteria (Crameri, Raillard, Bermudez, & Stemmer, 1998), retroviruses
(Soong et al., 2000), and enzymes (Raillard et al., 2001). Directed evolution can be
performed with various mutagenesis strategies, including random point mutation (e.g. error-
prone PCR), DNA recombination (e.g. DNA shuffling), and random peptide display. For
more details, the reader is referred to an in-depth review of directed evolution of viral
vectors (Bartel, Weinstein, & Schaffer, 2012). For more information specifically on peptide
display-based directed evolution, the reader is referred to (O’Neil & Hoess, 1995).

Several viruses have been subjected to directed evolution, including Adenovirus (Ad) (Kuhn
et al., 2008), AAV (Excoffon et al., 2009), HSV (Christians, Scapozza, Crameri, Folkers, &
Stemmer, 1999), MLV (Soong et al., 2000), and TEV (van den Berg, Lofdahl, Hard, &
Berglund, 2006). In one recent study, the capsids of all AAV variants known to transduce the
central nervous system were shuffled to create a virus that could yield efficient /n vivo
oligodendrocyte gene transfer (Powell et al., 2016). Cancer-specific viral therapies have also
been developed using directed evolution. For example, an ovarian cancer targeting
adenoviral vector, OvAd1, has been developed through directed evolution. Random
mutagenesis was conducted on the Ad binding knob to create an adenovirus library which
was then added to a 3D culture of ovarian cancer cells to select for a viral variant with
improved infectivity (Kuhn et al., 2017).

Structural information about the virus capsid can be used in combination with directed
evolution to improve viral properties. Strategies involving structure-guided design depend on
protein structures resolved via NMR spectroscopy, X-ray crystallography, or cryo-electron
microscopy with reconstruction (reviewed in L. Zhang, Lua, Middelberg, Sun, & Connors,
2015). For example, cryo-reconstruction of the AAV1 capsid with bound neutralizing
antibodies enabled the identification of antigenic epitopes on the capsid. Using this
information, the amino acids within the epitopes were randomized to create a library of AAV
vectors, and selection of the library led to the isolation of antigenically diversified AAV
vectors called AAV-CAM variants (Figure 7) (Tse et al., 2017). In neutralizing antibody
assays with immunized mouse serum, multiple AAV-CAM mutants are able to transduce
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cells at lower serum dilutions (i.e. higher antibody concentrations) than the parent wild-type
AAV1 capsid.

Overall, directed evolution of viral capsids is a useful design strategy when not enough a
prioriinformation is available to achieve performance goals. Through generation of large
libraries of viruses and application of carefully designed selection and screening procedures,
new viral variants with desired phenotypes may be obtained.

Bioinformatics-Driven Capsid Design—Computational methods to aid the design of
viral vectors can be categorized into sequence-based and protein structure-based tools. For
example, AAVs are classified into serotypes and clades through phylogeny, genetic, and
functional similarities (Gao et al., 2004). Alignment of the different AAV serotype capsid
genes shows there is a high level of homology between different serotypes, and phenotypic
differences in viral properties are likely caused by the small differences in their genotypes.
Specifically, substantial progress over the last several decades has uncovered that phenotypic
divergences in wild type AAV serotypes are correlated with hypervariable loop regions in
the capsid (DiMattia et al., 2012; Zinn et al., 2015). Modification of these highly variable
regions has led to the discovery of novel viral properties (Adachi, Enoki, Kawano, Veraz, &
Nakai, 2014; Grimm et al., 2008). For example, an AAV capsid library was generated by
altering only the variable surface loops of AAV2, and upon selection a mutant able to
transduce glial cells was identified (Koerber et al., 2009).

Virus capsid sequence alignments can also be combined with phylogenetic analyses to create
new ancestral variants from known relatives. These algorithms were used to generate and
compare a library of ancestral AAV variants which were more thermostable than all and
more infectious than some of the currently available serotypes (Santiago-Ortiz et al., 2015;
R. H. Smith et al., 2016). Notably, a promising AAV ancestor named Anc80 was created
through an ancestral library approach (Zinn et al., 2015). Anc80 is a theoretical ancestor at
the evolutionary break between AAV4 and AAV5 and the other commonly used serotypes
(Figure 8). Despite being based on extant AAV serotypes, Anc80’s capsid structure is
significantly divergent with a much higher melting temperature. Anc80 has been used to
transduce hair cells in the cochlea with high efficiency, and as a result Anc80-based vectors
look promising for treatment of the hearing impaired (Suzuki, Hashimoto, Xiao,
Vandenberghe, & Liberman, 2017).

In addition to using already available sequence data of viral variants, next generation
sequencing (NGS) methods with barcoded AAV libraries can be used to provide more
information regarding viral genotype-phenotype linkages. For example, almost 200 AAV
capsid variants each packaging a different genetic barcode was generated, mixed together
into one vector library, and the AAV barcoded library was injected 7 vivo (Adachi et al.,
2014). This approach, named AAV Barcode-Seq, allowed for high throughput
characterization of the biodistribution of each AAV variant. Further research using an
approach like AAV Barcode-Seq may be able to uncover new sequence-function
relationships in viral capsids on a faster timescale.
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Bioinformatic tools can also be applied to protein structure instead of to protein sequence. A
structure-based computational tool is SCHEMA, a method used to predict optimal cross-
over points for generation of DNA shuffled libraries. Using 3D structural information,
SCHEMA calculates the number of residue-to-residue contacts that are broken upon
recombination. Minimizing the number of broken contacts during recombination should
increase the chances for creating structurally intact viral progeny. This algorithm has been
used on AAV capsids to generate new chimeric capsids (Ho, Adler, Torre, Silberg, & Suh,
2013) and mutants with new behaviors, such as the ability to transduce neural stem cells
(Ojala et al., 2017). Currently, resolving viral protein structure and function is a highly
developing field. As technologies improve and more fundamental information of capsid
structures is revealed, structure-based design strategies will likely become more popular.

Conclusion

Much progress has been made in understanding how virus capsids assemble/disassemble,
switch conformations, and assume different morphologies. Additionally, new chemical and
genetic design strategies have been developed to alter viral function. Unfortunately, there are
still many unknowns surrounding how viruses work. Continued efforts in studying the
biophysics of virus capsids and their natural responses to environmental stimuli in a
quantitative fashion will provide more insights into what design strategies may be possible
in the future. The ability to specifically target certain amino-acids for functionalization
would push the frontier of chemical virology and allow for further deployment of precise
and useful modifications to the capsid. Synthetic virology will greatly benefit from improved
models of capsid structure and function that may eventually allow for predictable virus
design /n silico. Overall, fully controllable and programmable viruses promise to make
important contributions to many biomedical fields, including gene therapy, diagnostic
imaging, and immunotherapy. As the subfields of virology discussed here — physical,
chemical, and synthetic — advance our theoretical knowledge and expand our experimental
toolkits, their close partnership will likely create new solutions to improve the quality of life
for future generations.
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Figure 1:
Quasi-equivalence and triangulation numbers of icosahedrons. (A) The icosahedron can be

displayed as a hexagonal lattice. The arrangement of the 5-fold symmetry axes on this lattice
gives the icosahedral shape its triangulation number, given as 7=/ + hk + k2, where hand
k are vector coordinates (h,k € N > 0) defining the points of the 5-fold axes. (B) As an
icosahedral shape gets larger, there are more subunits inside each equilateral triangle (blue
outline), as shown by the T=1 and T=3 icosahedrons. All symmetrical contacts within the
T=1 are equivalent, while those in higher T numbers are not (J. E. Johnson & Speir, 1997).
This quasi-equivalence allows for conformational polymorphism of the subunits in higher T
numbered icosahedral capsids. For example, in the T=3 diagram even though A, B, and C
subunits are virtually identical, the quasi-equivalence of A-C and B-B contacts indicated in
the figure have bent and flat contact angles, respectively. This gives the pentamers (red
subunits) a bent surface and the hexamers (green subunits) a flat surface to form the
icosahedral shape. Adapted with permission from “Functional implications of quasi-
equivalence in a T = 3 icosahedral animal virus established by cryo-electron microscopy and
X-ray crystallography,” by R. H. Cheng et al, 1994, Structure (Cheng et al., 1994).
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Figure 2:
Capsid metastability and polymorphism. (A) CCMV swells up when the solution pH is

increased from pH 5 to pH 7 at low ionic strength without divalent cations, allowing larger
pores to form on the capsid. These pores can be used to pack therapeutics or imaging agents
inside the viral capsid for delivery. Figure adapted with permission from “Pseudo-atomic
Models of Swollen CCMV from Cryo-electron Microscopy Data,” by H. Liu et al, 2003,
Journal of Structural Biology. Copyright 2003 by Elsevier. (B) TMV particles of different
lengths can be generated by assembly /n vitro with RNA of different lengths with high-
affinity Origins of Assembly. The TMV particles of different aspect ratios can be visualized
with electron microscopy. Scale bar is 100nm. Figure adapted with permission from “The
Impact of Aspect Ratio on the Biodistribution and Tumor Homing of Rigid Soft-Matter
Nanorods,” by S. Shukla et al, 2015, Advanced Healthcare Materials. Copyright 2015 by
John Wiley and Sons.
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Figure 3:

Examples of capsid bioconjugation approaches. (A) Simplified scheme of NHS-ester
conjugation, in which a molecule P can be attached to a free primary amine on the viral
capsid through formation of an amide bond. (B) General scheme of maleimide conjugation,
in which a molecule containing a maleimide group can react with a free sulfhydryl group on
the protein capsid to yield a stable thioether bond. (C) Schematic of copper(l)-catalyzed

alkyne-azide cycloaddition (CUAAC) click chemistry. An azide and alkyne react in the

presence of a copper-based catalyst to form a triazole.
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Figure 4:
Overview of internal capsid modifications. The capsid protein subunits can be modified

before or after assembly for various purposes, such as internal surface functionalization,
material encapsidation, and the creation of nanoreactors.
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Examples of modifications at the capsid subunit interface. (A) Interactions that are found to

play an important role in subunit-subunit interaction in the wild-type capsid include
electrostatic interactions, van der Waals forces, rt-stacking, and disulfide bonds. (B)
Tyrosine residues can be crosslinked chemically to join nearby subunits. (C) Polymers
spanning across multiple capsid subunits can also be used to crosslink the capsid.
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Figure6:

Reprogramming a conformational switch-based output of the AAV capsid. Truncated VP
subunits with hexahistidine (his) tags at the N-termini were generated based on the AAV
capsid. Upon incubation at different temperatures, capsids with surface-displayed his tags
were captured with a nickel column. The wild-type capsid undergoes the structural
conformational change upon incubation at ~60°C. Depending on the composition of the
mutant AAV capsids, some capsids display his tags prior to activation (always “ON”)
whereas other capsids display activatable peptide display (“activatable™). Reprinted with
permission from “Reprogramming the Activatable Peptide Display Function of Adeno-
Associated Virus Nanoparticles,” by N. Thadani et al, 2017, ACS Nano. Copyright 2017 by

American Chemical Society.
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Figure7:
A combination of directed evolution and capsid structural information can enable the design

of viruses with improved properties. (A) 3D cryo-reconstructed image of an AAV capsid
with bound neutralizing antibodies (NAb). (B) Roadmap of where the antibodies bind to on
the AAV capsid. Color-coding of each antibody are same as in panel A with overlapping
residues between antibodies colored individually: green, ADK1a and 4E4; gray, 4E4 and
5H7. (C) Experimental plan for the directed evolution of three different capsid regions
where antibodies bind. (D) Combination of the three viral libraries led to the generation of
AAV-CAM vectors. Adapted from “Structure-guided evolution of antigenically distinct
adeno-associated virus variants for immune evasion,” by L. V. Tse et al., 2017, PNAS.
Creative Commons Attribution License.
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Figure 8:
Example of bioinformatics-driven capsid design. The reconstructed ancestral phylogeny of

AAV was used to develop a new mutant, Anc80. Anc80 is the ancestor of currently studied
AAV serotypes excluding AAV4 and AAVS. The distance between viruses in the
hierarchical chart denotes relative distance of relation between the viruses. Figure reprinted
with permission from “In Silico Reconstruction of the Viral Evolutionary Lineage Yields a
Potent Gene Therapy Vector,” by E. Zinn et al, 2015, Cell Reports. Copyright 2015 by
Elsevier.
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