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ABSTRACT

Scientists are entrusted with developing novel molecular strategies for effective
prophylactic and therapeutic interventions. Antivirals are indispensable tools that can be targeted
at viral domains directly or at cellular domains indirectly to obstruct viral infections and reduce
pathogenicity. Despite their transformative potential in healthcare, to date, antivirals have been
clinically approved to treat only 10 out of the greater than 200 known pathogenic human viruses.
Additionally, as obligate intracellular parasites, many virus functions are intimately coupled with
host cellular processes. As such, the development of a clinically relevant antiviral is challenged by
the limited number of clear targets per virus and necessitates an extensive insight into these
molecular processes. Compounding this challenge, many viral pathogens have evolved to evade
effective antivirals. Therefore, a means to develop virus- or strain-specific antivirals without
detailed insight into each idiosyncratic biochemical mechanism may aid in the development of
antivirals against a larger swath of pathogens. Such an approach will tremendously benefit from
having the specific molecular recognition of viral species as the lowest barrier. Here, | modify a
nanobody (anti-green fluorescent protein) that specifically recognizes non-essential epitopes
(glycoprotein M-pHluorin chimera) presented on the extra virion surface of a virus (Pseudorabies
virus strain 486). The nanobody switches from having no inhibitory properties (tested up to 50 uM)
to ~3 nM ICso in /in vitro infectivity assays using porcine kidney (PK15) cells. The nanobody
modifications use highly reliable bioconjugation to a three-dimensional wireframe
deoxyribonucleic acid (DNA) origami scaffold. Mechanistic studies suggest that inhibition is
mediated by the DNA origami scaffold bound to the virus particle, which obstructs the
internalization of the viruses into cells, and that inhibition is enhanced by avidity resulting from
multivalent virus and scaffold interactions. The assembled nanostructures demonstrate negligible
cytotoxicity (<10 nM) and sufficient stability, further supporting their therapeutic potential. If
translatable to other viral species and epitopes, this approach may open a new strategy that
leverages existing infrastructures - monoclonal antibody development, phage display, and in vitro

evolution - for rapidly developing novel antivirals /in vivo.
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CHAPTER 1
VIRAL AGGREGATION: THE KNOWNS AND UNKNOWNS

Abstract

Viral aggregation is a complex and pervasive phenomenon affecting many viral families. An
increasing number of studies have indicated that it can modulate critical parameters surrounding
viral infections, and yet its role in viral infectivity, pathogenesis, and evolution is just beginning to
be appreciated. Aggregation likely promotes viral infection by increasing the cellular multiplicity of
infection (MOI), which can help overcome stochastic failures of viral infection and genetic defects
and subsequently modulate their fitness, virulence, and host responses. Conversely, aggregation
can limit the dispersal of viral particles and hinder the early stages of establishing a successful
infection. The cost-benefit of viral aggregation seems to vary not only depending on the viral species
and aggregating factors but also on the spatiotemporal context of the viral life cycle. Here, we
review the Aknowns of viral aggregation by focusing on studies with direct observations of viral
aggregation and mechanistic studies of the aggregation process. Next, we chart the unknowns and
discuss the biological implications of viral aggregation in their infection cycle. We conclude with a
perspective on harnessing the therapeutic potential of this phenomenon and highlight several

challenging questions that warrant further research for this field to advance.

Keywords: viral aggregation; multiplicity of infection; viral transmission; viral infectivity



1.1. Introduction
Although there are no standard definitions of a viral aggregate, historically, it has been used to refer
to multi-unit structures such as assemblages of viruses belonging to either the same or different
species/families. Over time, researchers have documented such multi-unit structures using
different terminologies depending upon their composition and the spatiotemporal context of their
occurrence. For instance, outside the host, the insect-infecting baculoviruses (family Baculoviridae)
[1] and ascoviruses (family Ascoviridae) [2] are embedded within highly organized crystalline
protein lattices called occlusion bodies (OBs). OBs confer viruses with stability and resistance
against adverse environmental conditions for an extended period, particularly considering their
host’s cyclic and seasonal nature. Additionally, the OBs serve as transmission vehicles that
facilitate the host-to-host transfer of multiple virions simultaneously. Similarly, several early studies
have reported aggregates of influenza virus (family Orthomyxoviridae) [3], vaccinia virus (family
Poxvirus) [4], poliovirus (family Picornaviridae) [5], reovirus (family Reoviridae) [5], adenovirus
(family Adenoviridae) [6], and rotavirus (family Reoviridae) [7], primarily in the context of the virus
production processes or as occurrences in environmental settings that are relevant to human
health. Similarly, several animal-infecting RNA viruses, such as enterovirus (family Picornaviridae)
[8], rotavirus, and norovirus (family Caliciviridae) [9], have been reported to shed inside extracellular
vesicles (EVs), like exosomes and microvesicles, in multiple numbers. These viruses can hijack the
host extracellular vesicle biogenesis machinery to facilitate their collective assembly, envelopment,
and subsequent dissemination through a nonlytic pathway. Finally, tetherin, an interferon-inducible
host protein, has been identified as an antiviral factor that inhibits the release of a variety of
enveloped viruses from the host cells [10-13]. More recently, Sanjuan coined “collective infectious
units” as an umbrella term encompassing several types of structures that mediate the collective
delivery of multiple virions/viral genomes to the same cell and often modulate viral infectivity
differently than free viruses [14]. Some of these structures, including polyploid virions, occlusion
bodies, viral aggregates, and lipid cloaked virions, are described in greater detail in another review

[14]. Given the context of this review, we have used the term viral aggregate to refer to multi-unit



structures comprising two or more virus particles without discriminating against their composition
or causative factors responsible for their assembly.

In this review, we begin by summarizing the Anowns of viral aggregation by providing a
brief synopsis of historical studies that rather one-dimensionally focused on physicochemical
parameters surrounding viral aggregation. We discuss the challenges faced by earlier studies and,
concurrently, the limitations in our current knowledge of viral aggregation. We then explore the
unknowns and expand the dimensionality of the field by discussing viral aggregation in light of viral
pathogenesis. We critically assess a few studies that provide direct evidence of how viral
aggregation affects their infectivity in simulated biological models. Next, to consider the implications
of viral aggregation in the broader and largely ignored context of an infectious viral life cycle, we
review studies providing correlations between viral aggregation and one or more components of
their life cycle. We conclude by shedding light on the therapeutic potential of viral aggregation and

formulating several challenging questions that need further investigation for this field to advance.

1.2. A Brief Historical Review of Studies on Viral Aggregation
A quick survey of available literature on viral aggregation reflects its fascinating scientific journey.
More than eight decades ago, the first studies reported aggregates of plant-infecting tobacco
mosaic virus (TMV, family Virgaviridae) [15] and animal-infecting influenza viruses [16] merely as
undesirable technical artifacts causing inconsistencies in viral titers and the serum titers required
to neutralize them. Studies that came in the 50s and 60s reported how aggregation compromised
the “quality” of laboratory-propagated strains of different viruses by reducing their infectious titers
as assessed by plaque assays [4,17]. In the environmental context, aggregates of poliovirus,
reovirus, and adenovirus caused problems in water decontamination processes because of their
enhanced resistance to disinfectants in comparison to monodispersed particles [18-20]. In the two
decades that followed, scientific research mainly aimed at preventing or disintegrating viral
aggregates to increase the infectious titer of laboratory-grown viral strains, minimize their batch-to-
batch variations, and enhance the efficiency of virus neutralization in vitro and disinfection

processes in the environment. These studies investigated the physicochemical parameters
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influencing viral aggregation and subsequently underscored its role in viral transport, adsorption,
and retention, mainly in water bodies and in vitro settings [5,20-27]. We have summarized them in
the following two sections of this review.

A few other studies in the 60s and 70s showed the ability of aggregated vaccinia viruses
and influenza viruses to overcome genetic defects and enhance their infectivity and survival in
cultured cells [3,28]. For instance, the survival curves for vaccinia viruses showed a slower decline
in their titers upon UV irradiation when they were in an aggregated state compared to their
monodispersed form [28]. Another study showed that aggregation increased the infectious virus
titer per genome and rescued the infective potential of mutant influenza viruses with defective
genomes [3]. These studies established a potential correlation between viral aggregation and
multiplicity reactivation—a phenomenon by which viable viruses are released from cells infected by
two or more viruses, each with a uniquely defective genome.

It is important to note that for a long time, viral aggregation was only studied as a consequential
phenomenon, with the main determinants being the physicochemical interactions virus particles
have at different interfaces. A few studies in the 1980s started challenging this perspective when
they reported membranous aggregates of several pathogenic viruses in fecal specimens of patients
with gastroenteritis [6,7]. The electron microscopy (EM) images of some of these viruses are given
in Table 1. The observed aggregates were neither technical artifacts nor seemed to result from
interactions with other biomolecules such as cell debris, proteins, or antibodies. They postulated
that these aggregates formed during virus maturation or assembly inside host cells [7]. These
studies led the scientific community to question if aggregation could also be an intrinsic viral trait
that happens during the viral infection cycle and influences their infectivity and pathogenicity. With
the advances made in live-cell imaging and molecular biology, an increasing number of studies
have reported the aggregation of different animal-infecting viruses with potential implications in their
infectivity, fitness, and evolution. We have discussed them in separate sections of this review.
However, since this field of research is relatively new, there is a lack of standard guidelines and

definitions for better describing and differentiating viral aggregates.



Table 1. Microenvironments of different animal viruses either collected from biological sources or propagated in laboratories and their
corresponding EM images of viral aggregation. Scale bars are indicated wherever possible. Panels a) through i) are republished with
permission from the respective journals. All permissions are conveyed through the Copyright Clearance Center, Inc.

Virus Family Virus source Microenvironment of virus and aggregating condition Image Ref.
Vaccinia Poxvirus Virus propagated in Purified virus particles were resuspended in PBS. 28
Earle's L cells in vitro
Human Adenoviridae Virus propagated in A549  Cell-associated virus (CAV) particles were 29
adenovirus 2 cells in vitro resuspended in chlorine demand-free (CDF) grade
water.
Adenovirus Adenoviridae Virus present in fecal Fecal samples with virus particles were diluted in 6
specimens collected from  PBS.

patients with

gastroenteritis




Rotavirus Reoviridae Virus present in fecal Fecal samples with virus particles were diluted in 7
specimens collected from  water. Image shows aggregates of Rotavirus inside
patients with membranes.
gastroenteritis

Parvovirus Parvoviridae Virus present in fecal Fecal samples with virus particles were diluted in 7
specimens collected from  water. Image shows aggregates of Parvovirus inside
patients with membranes.
gastroenteritis

Norwalk virus Caliciviridae Virus present in fecal Fecal samples with virus particles were diluted in 7
specimens collected from  water. Image shows three Norwalk virus particles
patients with associated with a fuzzy membranous element.
gastroenteritis

Poliovirus Picornaviridae Virus propagated in HEp-2  Purified virus particles were diluted in buffers of 30

cells in vitro

different pH. Aggregation was observed in buffer with
low pH which was reversible when returned to neutral
pH.




Reovirus

Reoviridae

Virus propagated in L cells

in vitro

Purified virus particles were diluted in buffers of ) 5
different pH. Aggregation was observed in buffer with
low pH which was reversible when returned to neutral
pH.

West Nile

Virus

Picornaviridae

Virus propagated in Vero

cells in vitro

Images show WNYV particles infecting P388D1 cells. i) 31
Aggregate of WNV observed after binding for 2h at
0°C. ii) Aggregate of WNV in phagosomes observed

15-30 min after warming to 37 °C.




It is safe to assume that the analyses in many historical studies were technologically challenged,
because of which their appeal could be limited to current virologists. Nevertheless, these
fundamental concepts laid the foundations for many of the basic laboratory practices in virology
followed to date. Furthermore, these studies highlighted that viral aggregation could have crucial
public health and biotechnology implications by providing insight into how the virus production
processes in laboratory settings emulate natural environments and into the stability of viable viruses

following groundwater transport and wastewater treatments.

1.2.1.Factors Influencing Viral Aggregation
The interplay between viruses and different biotic and abiotic factors present in their
microenvironment plays a vital role in viral aggregation. In suspension, viral aggregation is affected
by several physicochemical parameters of the aqueous medium, including but not limited to pH,
ionic strength and composition, and temperature. Some studies investigating these parameters
have shown that aggregation can be reversible for some viruses. For some viruses, these
parameters also govern the degree of reversibility of viral aggregation [5,21,24,32].

Viruses get their net charge from different functional groups present in their phospho- lipid
envelope or capsid proteins. Their isoelectric point (pl) ranges from 1.9 to 8.4 [33], and they tend
to aggregate near their pl, where their net neutral charge cancels the electrostatic repulsion
between particles [34-36]. Lowering the pH also favors viral aggregation and, for some viruses, this
could recapitulate the acidic conditions inside endosomes that trigger their uncoating and
subsequent release into the cytoplasm [37,38]. Likewise, ionic strength and composition affect viral
aggregation by compressing or expanding the electric double layer (EDL) surrounding viral particles
[34,35,39,40].

Cations and cationic polymers complex with the exposed and deprotonated carboxylic groups of
polar amino acids on the viral surface and reduce their zeta potential [40]. Divalent cations
aggregate viral particles more strongly than monovalent cations due to increased charge shielding

and EDL shrinking [34,35,40]. On the other hand, anions and anionic polymers can add to the EDL



and increase the zeta potential by sequestering cations and adsorbing to the viral surfaces,
preventing charge shielding and virus aggregation [34,39].

Similarly, temperature influences viral aggregation, with more aggregates forming at higher
temperatures. Viruses are colloidal particles, and as such, their Brownian motion and subsequent
collision rate rise at higher temperatures leading to more aggregation. Several studies exploring
the kinetics of viral aggregation as a function of these physico-chemical parameters show that the
process is mainly virus-specific and depends on the surface properties of viral particles. For
instance, four genogroups of F-specific RNA bacteriophages, MS2, GA, Qg, and SP, showed
different aggregation behaviors over a broad range of pH (1.5-7.5) and ionic strength (1-100 mM
NaNO3) conditions tested [41]. While MS2 only aggregated near their isoelectric point (pH = 4)
regardless of the ionic strength, QS aggregated at low pH and high ionic strength, and GA and SP
both aggregated over the entire range of tested conditions.

Most earlier studies investigated these parameters from a technical standpoint, either to
improve the monodispersity of viral particles in purified viral stocks or to improve the inactivation
kinetics of viruses in different settings. They have been discussed more extensively in another
review [42]. A key challenge for this expanding field of scientific study is to link these primarily in
vitro described environmental parameters to those that are likely to be encountered within the viral
life cycle in a host. Studies have shown that viral aggregates are a non-negligible fraction of their
populations and maybe more frequently prevalent in biological fluids than estimated or known in
vitro [9,43]. Therefore, these findings will be critical in determining the nature of interventions
needed to contain or eliminate viruses, particularly for those causing the emergence/re-emergence
of infectious diseases. Some of the recent work has begun to address that challenge by exploring
the aggregation of vesicular stomatitis virus (VSV, family Rhabdoviridae) under physiologically
relevant conditions [43,44]. VSV is an economically significant livestock virus that primarily infects
the oral cavity and is shed in the host saliva. Microscopic analysis of VSV-infected cultures showed
two phenotypically distinct genetic variants of VSV, one expressing mCherry and the other
expressing GFP, aggregated in the presence of human and cow saliva [43]. Another work revealed

that unlike protein-lipid interactions driving VSV aggregation in purified stocks [43], VSV
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aggregation in saliva was protein-driven [44]. Proteomic analysis revealed the differential
expression of 18 different genes among saliva donors that positively correlated with their
aggregating potential. Furthermore, fibrinogen gamma chain (FGG) protein was identified as the
molecular factor strongly promoting VSV aggregation in saliva. For most other infectious viruses,
the physicochemical and molecular determinants of viral aggregation in environments

recapitulating viral hosts remain to be investigated.

1.2.2.The Research Landscape of Viral Aggregation in Comparison to Their Bacterial
Counterparts

Analogizing viral aggregation to its bacterial counterpart, aggregation in bacteria has been rather
extensively studied. Bacterial aggregation is a corollary defense mechanism against environmental
stress and immunological response [45-47]. Distinct genetic processes regulate bacterial
aggregation in response to stress factors such as harsh environmental conditions and attacks from
predators, primarily bacteriophages. Studies have shown multiple bacterial species including
Escherichia coli [48], Pseudomonas aeruginosa [49], Legionella pneumophilia [50],
Staphylococcus aureus [51], and Neisseria meningitidis [52] converge on this strategy. For a more
in-depth insight into this area, we refer readers to another review discussing molecular mechanisms
underlying bacterial aggregation and its role in bacterial pathogenesis [53].

In contrast, the genetic and molecular mechanisms driving viral aggregation are largely
unresolved and unfortunately understudied. Although several studies claim viral aggregation as an
intrinsic phenomenon, our understanding of its role in viral population dynamics and evolution is
limited. What is striking from the reviewed literature is that aggregation spans across various viral
families, including enveloped and non-enveloped viruses, segmented and non-segmented viruses,
and DNA and RNA viruses. So, aggregation may be more broadly common than is known and

potentially with a fithess advantage to some viruses.
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1.3. Viral Aggregation and the Stoichiometry of MOI
Viral populations encounter several viral factors and host barriers as bottlenecks during their
infection cycle in the context of both intra- and inter-host transmission. As obligate intracellular
parasites, viruses depend entirely on the host cell and use a “Trojan horse” machinery to encode
viral proteins and replicate their genetic material. The multiplicity of infection (MOI) is the most
critical parameter affecting their infection cycle at the cellular level. MOI, defined as the ratio of
infectious virions to susceptible cells, controls the gene copy number and determines the fate of
the infected cell. An MOI higher than 1 sets the stage for genetic exchange [54], competition [55],
or complementation [56] to occur between co-infecting viral genomes. Viral aggregation is
associated with increasing MOI and the subsequent co-transmission of multiple viral genomes to
the same cell [4,6,7,28,40,57]. Therefore, it is essential to study how it can regulate these

phenomena and impact the broader viral pathogenesis, fitness, diversity, and evolution spectrum.

1.3.1.The Stochasticity in Early Events of Viral Infection Often Leads to Unproductive
Infection

Historically, the “one-hit” paradigm in virology views viral particles as independent and optimal
infectious units such that one infectious unit is enough to establish a productive infection [58].
According to this theory, at high dilutions of virus particles, one infectious particle gives rise to one
plaque, and the number of plaques is directly proportional to the concentration of the virus. Most
mammalian viruses show a linear relationship between the number of plaques and dilution of virus
plated, holding the framework true in titration assays to determine viral titers and the infectious
dose. However, one of the major limitations of this framework stems from its failure to address the
stochastic fluctuations that challenge early events of viral infections and render most infections
futile.
As with the vast majority of pathosystems, the mere existence of a virus in a suitable
microenvironment with many permissible and susceptible host cells is not sufficient to guarantee
successful infection. Viral infections are stochastic and discrete events, influenced by several viral

factors and host barriers, which pose challenges of thwarted outcomes in each step of their life
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cycle. Several studies have reported cell-to-cell variability surrounding different phases of viral
infections, including viral endocytosis [59], virus progeny titers, RNA levels [60], and progeny
production modes [61]. The variability is attributed to noisy biochemical processes involved in viral
infections. For instance, stochastic fluctuations accounted for up to 90% of failed single-hit
infections with influenza A virus (IAV) [60]. Apart from different components of the host immune
responses which can neutralize them, there are other mechanical, physicochemical, and genetic
barriers for viruses to overcome, the permutations and combinations of which can further hinder

their infection cycle.

1.3.2.Segmented and Multipartite Viruses Have Low Infection Probability
Although many RNA and DNA viruses show non-infectiousness and low infectivity, they are more
prominent in viruses with either segmented genomes [62] or multipartite genomes [63,64].
Segmented viruses have the information required for the infection cycle divided between two or
more nucleic acid segments, typically found together in one capsid. However, not all segments are
needed for the virus to be infectious. For instance, influenza A virus (IAV) has eight single-stranded
RNA segments, each encoding at least one viral protein [65-67]. Studies have shown that single-
hit IAV infections predominantly failed to replicate and resulted in semi-infectious viral particles
lacking one or more of the essential viral proteins [60,68,69]. Multipartite viruses are slightly
different and instead have their genetic information divided into segments packaged into
independent viral capsids [70]. The dose-response kinetics of Guaico Culex virus (GCXV, family
Flaviviridae), a five-segmented RNA virus, showed that establishing a productive infection required
at least three different particles [71]. Multipartite genomes underscore the interdependency of
viruses in these systems, necessitating the co-transmission of several virus particles into one host
cell to form a complete genome set and increase the likelihood of a productive infection. The cost-
benefit analysis of these peculiar genome organization systems in viruses has posed some of the
most exciting puzzles for virologists concerning the importance of virus genome integrity for

successful infection cycles [60,71].
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The stochastic, genetic, structural, and host barriers are magnified in low MOI or single-hit
infections and may enable viruses to adopt mechanisms more conducive to preserving their
genome integrity. Several studies have shown that aggregation increased the cellular MOI and
enhanced viral infectivity [3,8,43]. The substantial body of work on collective infectious units in
viruses describes several structural systems that support viral co-transmission, including polyploid
virions, virion aggregates, viral occlusion bodies, and virions with extracellular vesicles [14,72]. All
of these structures assist in increasing cellular MOI and subsequently delivering multiple viral
genomes to the same cell, which can help in overcoming the replication barriers mentioned above

required

1.4. Viral Aggregation in the Context of Infectious Viral Life Cycle
Viral aggregation impacts different aspects of viral pathogenesis including infectivity, antibody
escape, and antiviral resistance. Some studies have demonstrated an enhancement of viral
infectivity when viruses were in an aggregated state as opposed to being in a monodispersed state
[3,9,73,74]. On the other hand, some studies have demonstrated that viral aggregation
compromised the replication, transmission, and survival of viruses [75-77]. We have summarized
the impacts of viral aggregation on the viral life cycle and pathogenesis in Table 2. To better
understand the apparent discrepancy concerning the cost-benefit of viral aggregation, we have
categorized the events in the life cycle of an infectious virus into three distinct stages, including viral
motion to find a suitable host, replication inside the host cell, and release from the host cell.
Aggregation may favor or oppose the infecting viruses in each stage, subsequently influencing their

outcomes and determining their fate.
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Table 2. Effects of viral aggregation on the life cycle and pathogenicity of different animal-infecting viruses

Virus Genetic Material  Enveloped Family Size (nm)  Effect of aggregation on infection cycle Ref.

Baculovirus DNA Enveloped Baculoviridae 200-450 Co-transmission of multiple viral genomes leading to maintenance of 78,79
genetic diversity [78], enhanced viral protection [79]

Coronavirus RNA Enveloped Coronaviridae 80-120 Correlated with loss of viral infectivity although not determined as the  [77]
only cause

Echovirus type 4 RNA Non-enveloped Picornaviridae 30 Enhanced protection against neutralizing antibodies [26]

Enterovirus RNA Non-enveloped Picornaviridae 30 Enhanced protection against neutralizing antibodies [8,26], enhanced  [8,26]
infectivity [8]

Hepatitis A virus RNA Non-enveloped Picornaviridae 27 Viral aggregates inside host-derived membranes showed enhanced [74]
infectivity and resistance against antibodies

Human RNA Enveloped Retroviridae 120 Tetherin-induced viral aggregates showed reduced infectivity due to 75,80

Immunodeficienc impairment of their fusion capabilities [75], enhanced cell-to-cell

y virus transfer either by mediating the accumulation of virions on the cell
surface or by regulating the integrity of the virological synapse [80]

Human T- RNA Enveloped Retrovirus 120 Facilitated attachment of virus to target cell surface [81]

lymphotropic

virus

Influenza A virus RNA Enveloped Orthomyxovirida  80-120 Enhanced infective capacity when aggregated by nucleohistones [3], 3,76,82-

e enhanced opsonization and uptake by neutrophils when aggregated 84]
by collectins, defensins, or antiviral peptides [76,82,83], decrease in
viral uptake and replication by host cells [84]

Poliovirus RNA Non-enveloped Picornaviridae 30 Aggregates formed in low pH showed decrease in infectious viral titer 32,85,86
[32,85] and promoted coinfection that correlated with the mutation ]
frequency and rescue of heavily mutagenized viruses [85]. Vesicle-
enclosed viral aggregates showed non-lytic release, enhanced viral
spread in vitro and pathogenicity in vivo [86]

Vaccinia virus DNA Enveloped Poxvirus 250-360 Enhanced viral survival via increase in cellular MOI [28,57]

Rotavirus RNA Non-enveloped Reoviridae 55-70 Vesicle-enclosed aggregates showed enhanced infectivity in vitro 9]
and in vivo by overcoming replication barriers associated with low
MOI

Vesicular RNA Enveloped Rhabdoviridae 70 Co-transmission of multiple viral genomes to same cells [43], saliva- 43,73

somatitis virus induced viral aggregates showed enhanced viral fitness via increase
in per capita progeny production [73]

West Nile Virus RNA Enveloped Flaviviridae 40-65 Slower uptake and phagocytosis by macrophage-like cells 311




1.4.1.Viral Aggregation Influencing Viral Motion
Viruses are colloidal particles with defined densities and intrinsic half-lives. Owing to the rapid
decay rate of viruses, it is a race against time for them to find permissible host cells before they
start degrading [87]. Devoid of locomotory organs, viruses travel through diffusion in their
microenvironment to establish initial contact with host cells and start their infection cycle.
Aggregation slows down diffusion, decreases the surface-to-volume ratio, and lowers the number
of effective viral particles (Figure 1 A, B). In addition, it reduces the frequency of viral adsorption
onto host cells and their likelihood of reaching the maximum number of host cells.

To traverse the distance to their host cells before degradation, they rely on their Brownian
motion and the movement of their surrounding fluid. Upon breaking down the effects of aggregation
on the viral life cycle, we think the distribution of viral particles will be consequential based on the
following rationale despite this not being tested experimentally. The mean squared displacement
(r?) of viral particles over time t is defined by the equation of mean squared displacement (MSD)
for a three-dimensional Brownian motion, given by

r? = 6Dt, (1)
where Dis the diffusion coefficient. Assuming a viral particle/aggregate as a sphere of an effective
radius r, the diffusion coefficient of the viral assembly is described by the celebrated Stokes-Einstein
equation,

_ kgT
~ 6myr’

2)
where kj is the Boltzmann constant, T is the absolute temperature in Kelvin, and 7 is the viscosity
of the medium. For example, the diffusion coefficient of a single IAV particle has been measured to
be ~800 nm?/s [88] with a half-life of ~3 h [89]. Using these numbers, Equation (1) yields ~7 um for
the average displacement after 3 h. The calculated mean-squared displacement is less than the
typical size of a mammalian cell (10-100 pm). Diffusion is, therefore, one of the limiting factors
determining the success of the earliest events in infection. Viral particles with a size of less than
100 nm can form aggregates that are up to 1000 nm [6]. Regarding the excursion to reach the host

cell, monodispersed particles diffuse faster than the aggregated particles, and so they will collide

with the host cell surfaces more frequently. Assuming host cells as uniform spheres of radius aand
15



invoking a diffusion-limited reaction, the number of viral particles arriving per unit of time is given
by
dN

il 4mDac, (3)

Where c is the concentration of the viral monomers/aggregates. Moreover, the effective number of
viral particles reaching more host cells is higher when they are in a monodispersed state than when
they are in an aggregated state by a factor of N/n, where n is a positive integer and denotes the
mean size of the viral aggregates. Viruses with a shorter half-life will reach even a smaller number
of host cells before decay. The poor transduction efficiency of retroviruses has been attributed to

their short half-life, limiting the distance they can travel in solution by Brownian motion [90].
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Figure 1. Schematic showing how viral aggregation affects their ability to infect target cells and their
evolution. (A) A hypothetical arrangement of monodispersed viral particles (N = 9 viral particles)
has a relatively faster diffusion, which increases their dissemination and the frequency of adsorption
to target cells. (B) Aggregated viral particles (N = 3 trimers = 9 viral particles) diffuse more slowly
and lead to a lower effective titer, which decreases their association rate with target cells before
being deactivated or degraded. (C,D) In the case of multi-segmented and multipartite viruses, a
single virus particle is likely to fail in producing progeny due to several challenges, the most
prominent being defective or incomplete genomes. Following virus entry, the viral genome is
released inside the host cell to start viral replication. However, the genome is highly likely to be
incomplete or defective, particularly with RNA viruses such as influenza. This results in the failure
of the virion to transcribe or translate necessary viral factors to produce infectious progeny. (E)
Invasion of host cells by viral particles in an aggregated state is conducive to increasing cellular
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MOI, which releases multiple copies of the viral genome inside the host cell. This sets the stage for
genetic complementation and multiplicity reactivation, which facilitates the overcoming of any
genetic defect or missing genetic factors. It increases the chances of the virions to replicate and
produce viral progeny that will start their infection cycle. (F, G) Genetic recombination and
reassortment between closely related virions in either the monodispersed state (F) or the
aggregated state (G) can produce chimeric progeny with genetic segments derived from each
parent. This influences their fithess and contributes to genetic diversity.

Once virus particles adsorb on the surface of a suitable host, they begin the multistep and
tightly controlled process of entering the host cell. It starts with the virus binding to specific receptors
or attachment factors such as carbohydrates, lipids, and other cellular proteins on the host cell
surface [91]. After binding, they enter host cells either by endocytosis or by direct fusion with the
host cell plasma membrane. However, regardless of the route taken, the end goal is to release viral
genomes in the cytoplasm, where they are processed further for nuclear import [92]. For many
years, scientists seeking to decipher the molecular mechanisms driving viral entry studied singular
interactions between a virus and a host cell but largely ignored viral aggregates. The dynamics of
viral entry for viral aggregates will likely be different than for a single virus particle and depend on
the aggregate’s size, shape, and composition. However, they remain yet to be investigated and are
far from resolved.

1.4.2.Viral Aggregation Influencing Replication Inside Host Cells
Following cell entry, viral genomes are transported to the nucleus or specific sites in the cytoplasm
for replication, expression of viral proteins, and assembly [92]. Viral aggregates diffuse more slowly
and are likely to infect fewer cells than their monodispersed counterparts. However, for some
viruses, aggregation compensates this cost by increasing the MOI, subsequently reducing the risk
of stochastic failures. For instance, cells infected with saliva-induced aggregates of VSV and
phosphatidylserine (PS)-enclosed aggregates of enteroviruses produced higher progenies than
cells infected with an equal number of monodispersed viruses [8,73]. Microscopic analyses of cells
infected with VSV aggregates and enterovirus aggregates in these studies showed the transmission
of multiple viral genomes to the same cells. Interestingly, VSV aggregation did not compromise
their dispersal capacity, and the higher MOI did not rescue genetic defects [73]. Instead, the fitness

advantage of VSV aggregates correlated with cellular permissivity to infection and the increased
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chances of overcoming initial stochastic barriers. On the other hand, like many other RNA viruses,
enteroviruses have high mutation rates and exhibit a great deal of genomic heterogeneity. The
enhancement of the replication kinetics of vesicle-enclosed enterovirus aggregates correlated with
genetic complementation, reductions in stochastic fluctuations, and the PS-mediated enhanced
modulation of antiviral response [8]. In another recent study, vesicle-enclosed aggregates of
rotaviruses showed enhanced infectivity in vitro and in vivo in mice compared to freely dispersed
viruses [9]. As causative agents of gastroenteritis, rotaviruses infect the intestinal cells and transmit
through the fecal-oral route. In this study, vesicle-enclosed rotaviruses overcame the intrinsic
replication barrier of RNA viruses by ensuring a more concentrated delivery of viral particles and
enhanced their infectivity by providing a higher degree of protection from host immune components
as viruses traverse through the Gl tract before infecting the intestinal cells.

In addition, during replication, the presence of multiple viral genomes can promote genetic
interactions such as recombination, competition, and complementation. These interactions can
influence viral fitness, diversity, and evolution (Figure 1C-G). In an early line of work, aggregates of
UV irradiated vaccinia viruses showed enhanced survival compared to monodispersed viruses [28].
For RNA viruses, the impact of these interactions could be even more profound. Because of the
lack of proofreading activity of their RNA- dependent RNA polymerases, they have high mutation
rates and often fail to establish productive infections (Figure 1C,D). For instance, about 90% of
influenza viruses failed to express one viral protein [68]. A higher MOl may promote complementing
and cooperative interactions among viral genomes, rescuing their lethal/defective mutations and

enhancing their infectivity [3,60].

1.4.3.Viral Aggregation Influencing Release from Host Cells
In the canonical route of virus release, enveloped viruses leave the infected cell by budding and
secretion [93]. Non-enveloped viruses typically lyse the host cells to exit them. However, some of
them escape via secretory pathways. They can bud into intracellular multivesicular bodies (MVB)
and leave after fusing with the plasma membrane. Some follow the non-canonical route, subverting

cellular autophagy and releasing by secretory mechanisms.
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According to the conventional model of viral transmission, viral particles release and spread
as free individual particles, and the fate of individual viral genomes is not interdependent during
virus trafficking [94]. This concept has been contended by several lines of work, which are
discussed in the following sections. Some viruses converge inside or on the host cell surface to
form multi-virion structures before release. These structures can modulate vital aspects of viral

pathogenesis, including infectivity, virulence, transmission, antibody escape, and fitness.

1.4.3.1. Extracellular Vesicles-Mediated Release of Viral Aggregates

In addition to being carriers of biomolecules (nucleic acids, proteins, lipids) and mediums for cell-
cell communication, extracellular vesicles (EV) can also carry virus clusters and function as
independent infectious units [93]. The EV-mediated transfer of viral clusters is termed as vesicle-
mediated en bloc transmission [93]. Several recent findings showed EV-mediated in vitro release
and transmission of clustered enterovirus [8,86,95], hepatitis A viruses (HAV, family Picornaviridae)
[74], rotavirus and norovirus [9]. Some of them clustered within phosphatidylserine (PS) lipid-
enriched vesicles [8,9]. Following the common routes of EV biogenesis, vesicle-enclosed virus
clusters can originate intracellularly from autophagosomes and multivesicular bodies (MVBs) or
directly from the host cell plasma membrane [74,86,95]. However, vesicle-enclosed viruses always
follow the non-lytic mode of virus release, blurring the conventional distinction between enveloped
and non- enveloped viruses. A schematic representing different routes of EV-mediated viral release
is shown in Figure 2A. A recent review has discussed the advantages of EV-mediated en bloc
transmission of several infectious viruses along with the known molecular mechanisms of cargo
delivery [96].

Poliovirus demonstrated the lysis-independent release of viral clusters within host- derived
vesicles [86]. Quantitative single-cell analysis showed the virus clusters originated from
autophagosomes. However, viruses subverted the autophagy pathway by inhibiting the fusion of
autophagosomes with lysosomes, followed by their non-lytic release in single-membrane vesicles.
This process is called autophagosome-mediated exit without lysis (AWOL) [97]. Upregulation of the

autophagy pathway enhanced viral spread in vitro and pathogenicity in mice. In another work,
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Hepatitis A viruses (HAV, family Picornaviridae) demonstrated AWOL-mediated non-lytic release
from exosome-like EVs. The vesicle- enclosed viruses showed enhanced infectivity and resistance
against antibodies [74]. The formation of these extracellular vesicles relied on the multivesicular
body (MVB) components and the autophagy pathways. In another work, the sequential events of
infection and viral spread of coxsackievirus B3 (CVB3) were tracked in real-time using a
recombinant virus, Timer-CVB3, which expressed a fluorescent timer protein that changed color
from green to red over time. The progression of Timer-CVB3 in partially differentiated neural
progenitor and stem cells (NPSCs) revealed that the viruses frequently pooled together inside
extracellular microvesicles (EMVs) and released in a lysis-independent manner [95]. The study
postulated that the EMV-mediated release of viral clusters could enhance viral spread by exploiting
the migratory nature of progenitor cells and modulating cellular differentiation to catapult viral

egress in the absence of cell lysis.
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Figure 2. Possible mechanisms by which the aggregation of virus particles affects their transmission
ability. (A) Virions can aggregate and be subsequently released from their host cells inside
extracellular vesicles (EVs). They can aggregate inside microvesicles that are released directly
from the plasma membrane using a budding mechanism. They can also bud into multivesicular
bodies (MVB) that are trafficked to the plasma membrane and released into the extracellular space
by membrane fusion. They can also aggregate inside autophagosomes and be released using the
secretory autophagy pathway. After release, the EV-enclosed virions can enter new host cells either
by fusion at the cell membrane or by the endocytic route. EVs enhance the transmission ability and
the subsequent infectivity of virions by protecting against neutralizing antibodies [74] and promoting
the collective delivery of multiple virions [8,74], respectively. (B) Schematic representation of
tetherin (an interferon- inducible antiviral factor)-mediated aggregation and retention of HIV
particles on the surface of the infected cells, which affects the cell-to-cell transmission of the virus.
Tetherin colocalizes with Gag protein at the plasma membrane and is antagonized by Vpu protein.
(C,D) Correlative light-scanning electron microscopy (SEM) images showing the distribution of HIV-
GagGFP (WT or AVpu) particles (green) on target Jurkat cells (blue) [75]. Cells were harvested
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after 2 h of cocultivation with WT or AVpu HIV-transfected HelLa donor cells. In the presence of
Vpu, WT HIV particles were transferred as small clusters (C), and in the absence of the antagonist,
AVpu HIV particles were transferred as larger aggregates (D). Parts (C,D) are republished with
permission from [75]. Copyright 2010 under Creative Commons Attribution License 2.0.

1.4.3.2. Tetherin Mediated Viral Aggregation and the Consequent Inhibition of Viral
Release
A rather intriguing route of viral aggregation is mediated by tetherin, an interferon- induced cellular
restriction factor that acts as an innate antiviral defense against HIV [10,75] and other enveloped
viruses, including other retroviruses [98], filoviruses [98], gamma- herpesviruses [99], and
rhabdoviruses [100]. Mutational analyses have revealed the autonomous mode of tetherin function
is determined by its overall configuration rather than sequence homology [10].

In the case of HIV, tetherin accumulates with viral Gag proteins at cell surfaces. It
incorporates itself into assembling virions as a disulfide-linked dimer using either of its two
membrane anchors [10]. This simple configuration of tetherin directly tethers virion particles to the
cellular membranes of infected cells and retains them (Figure 2B). In response, viruses have also
adapted mechanisms to interact with tetherin to impede its function. For instance, the HIV-1
accessory protein, Vpu, acts as a viral antagonist of tetherin [101].

A few studies have shown the tetherin-mediated aggregation and retention of HIV,
however, with different implications on the cell-to-cell release of viruses [75,80,102]. In general,
mature virions can employ any of the several routes for direct cell-to-cell transmission, including
viral synapses, polysynapses [103], filopodial bridges [104,105], and viral biofilms [81]. FACS
analyses showed tetherin inhibited the cell-to-cell transfer of HIV from infected donor cells to
uninfected target cells [75,102]. Casartelli et al. showed that upon infection, tetherin-expressing
cells transferred HIV aggregates as abnormally large patches (Figure 2C,D) that were impaired in
their fusion capabilities [75]. In addition, target cells showed lower levels of viral DNA over time
when co-cultured with tetherin-expressing donor cells infected with Vpu-defective HIV (AVpu).
Conversely, Jolly et al. showed that tetherin expression enhanced the cell-to-cell transfer of viruses,
most likely by increasing the localized and effective concentration of virions [80]. Contrary to the

previous work, viral DNA synthesis in target cells co-cultured with AVpu HIV-infected donor cells
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increased over time. The increase was not as rapid in target cells co-cultured with WT HIV-infected
donor cells, implying enhanced transmission of AVpu HIV. In addition, tetherin inhibition did not
increase viral spread, and the tethered virions remained fully infectious. While the implications of
tetherin-mediated retention of viruses on viral transmission need further investigation, the
contrasting findings in these studies potentially reflect the dynamic nature of tetherin modulation

that depends on cell type and expression level of other cellular and immune components.

1.5. Viral Aggregation as an Antiviral Response

Host immune responses present a significant barrier for viruses. Throughout their infection cycle,
they encounter different components of the immune system, ready to neutralize any incoming
pathogen. Depending on the nature of the viral infection, it may activate various components of
either the innate immune system or the adaptive immune system or both [106-108]. Innate immune
responses are rapid but largely non-specific. As the first line of defense, they neutralize infiltrating
viruses directly by macrophage and neutrophil-mediated phagocytosis and indirectly by natural
killer cell-mediated apoptosis or complement-mediated lysis. If some viruses evade innate
responses, the adaptive immune system kicks in. The adaptive response relies on antigen-
presenting cells (APCs), such as dendritic cells and macrophages, to successfully activate cytotoxic
T cells (CTLs) that kill infected cells and B cells that synthesize virus-specific antibodies. The
distinguishing feature of adaptive immunity is its ability to differentiate between non-self-materials,
leading to the development of immunological memory, which causes the immune system to
respond more vigorously to re-exposures.

Several lines of evidence suggest that viral aggregates are more resistant to chemical
disinfection and antibody neutralization [22,26,74,96,109]. Vesicle-enclosed viral clusters, in
particular, can modulate host responses to enhance their infectivity in different ways [96]. Here, we
discuss viral aggregation as a common antiviral host response mechanism.

Aggregation is a standard route taken by antiviral agents to neutralize viral infections. We
have highlighted some studies showing the aggregation of influenza A virus (IAV) following their

interaction with different antiviral components in Table 3. For instance, natural IgM and the
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complement system worked synergistically to neutralize viral particles primarily by aggregating
them [110]. The IgM-mediated deposition of complement proteins on the viral surface aggregated
viruses and subsequently neutralized them by blocking the accessibility of hemagglutinin (HA)
receptors for their cellular ligands. HA glycoproteins coordinate the effective membrane fusion of
influenza viruses with the host cells. In several other lines of work, soluble innate inhibitors, such
as lectin inhibitors and antimicrobial peptides, aggregated viruses and neutralized them [82,83,111-
115]. The neutralizing potential of antimicrobial peptides correlated with their aggregating potential
[82]. Aggregation reduced the effective virus concentration, promoted their clearance from the
airway through mucociliary action, and enhanced phagocytosis. In another study, histone proteins
neutralized H3N2 and H1NT1 influenza viruses by aggregating them directly and inhibiting their
internalization [84]. The arginine-rich histone, H4, had the most potent anti-influenza activity of all
core histones tested. In another study, a twenty amino acid EB peptide aggregated H5N1 influenza
viruses, resulting in reduced virus binding with host cell receptors and increased opsonization [76].
Incorporating the peptide as adjuvants in HSN1 vaccines reduced influenza-associated morbidity
in mice and enhanced viral clearance by improving cell-mediated immune response. These studies

set a precedent for harnessing viral aggregation as a tool to develop novel antiviral therapeutics.

Table 3. Aggregation of Influenza A virus (IAV) by different biomolecules.

IAV Strain Aggregating factor Ref.

H3N2

A/Philippines/2/82 Arginine-rich histone proteins [H4 image] [84]

H3N2 Beta-amyloid peptides [fragments of Alzheimer-associated

A/Philippines/2/82 beta-amyloid protein, 40k x 2ug/mL BA22-42 image] [118]

H3N2 A/X-31 IgG antibodies [116]
Mouse serum with complement proteins and virus-specific

H1N1 A/PR/8/34 antibodies [110]
EB peptide [entry blocker antiviral peptide, 20 amino acid

H1N1 A/PR/8/34 peptide derived from fibroblast growth factor-4] [117]
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1.6. Harnessing Viral Aggregation as a Therapeutic Tool
Given the pervasive impact of aggregation on the life cycle, fitness, and the pathogenicity of
infectious viruses, we cannot neglect the potential of harnessing this phenomenon as a therapeutic
tool. Viruses were discovered as infectious agents and repurposed as gene delivery vehicles over
time. Infectious disease research is heavily focused on developing robust and rapid antiviral
therapeutics. At the same time, gene therapy studies put considerable effort into engineering viral
vectors with higher cargo capacity, inert immunogenicity, and strong transduction efficiency. We
understand that the phenomenon of viral aggregation can be repurposed to cater to both

dimensions of research focusing on viral infections (Figure 3).

Antiviral therapeutics to Gene therapeutics to in-
reduce viral infectivity crease cargo capacity

O

Figure 3. A viral aggregation strategy can potentially be harnessed to decrease viral infectivity (left)
or to increase cargo capacity and subsequent transduction efficiency of viral vectors (right). Viral
aggregation can be induced by introducing multivalent viral binders or by modulating their
environment.
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The synergy between nanomaterials and small molecules (proteins, peptides, aptamers,
etc.) has been increasingly exploited to develop nano-enabled solutions that address modeling,
diagnostic, and therapeutic challenges in various viral pathosystems. Similar design principles can
be used to fabricate nanoscale platforms that aggregate viral particles, subsequently limiting viral
diffusion and adhesion onto the host cell surface. For instance, two-dimensional and three-
dimensional nanostructures that can cross-link circulating viral particles could be a logical design
to aggregate viral particles. Similarly, interfacial nanostructures enabling the physical entrapment
of circulating viral particles could also be a potential platform design to aggregate viral particles.
Synthetic peptides [76,120], nucleoside analogs, proteins [121], and nucleic acid aptamers [121]
can be chemically conjugated as virus binders to a wide variety of biocompatible nanomaterials

(DNA-based, carbon- based, polymers, dendrimers, etc.) that can provide the structural
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framework/backbone to cross-link or entrap viral particles. Unlike many antivirals that target cellular
mechanisms, such platforms can directly target viruses and function autonomously. For instance,
the potential of IAV-aggregating EB peptide to work as a vaccine adjuvant has been previously
established [76]. The same molecule can be incorporated into multivalent nanostructures and
repurposed as an antiviral that aggregates multiple viral particles at once.

Viral aggregation can also be leveraged to engineer enhanced gene delivery vehicles for
gene therapy. Viral vectors are the gold standard for in vitro and in vivo gene delivery. Adeno-
associated virus (AAV) vectors, with their diverse tissue tropism and low immunogenicity, are the
leading gene delivery platforms for gene silencing, editing, and replacement therapeutics [122-124].
However, their therapeutic applications are limited mainly because of their small cargo capacity
(4.7 kb). Many studies have focused on engineering the AAV genome and capsid to enhance gene
delivery efficiency with minimum immunogenicity. Scientists have developed the split AAV vector
approaches that enable the delivery of genetic fragments larger than 4.7 kb [125,126]. These
systems utilize genome fragmentation, overlapping, and trans-splicing mechanisms to divide the
transgene into multiple fragments and rely on genetic cues post vector co-infection to regenerate
the entire transgene. For instance, one study used an overlapping strategy to fragment the alkaline
phosphatase gene into two AAV vectors and deliver the gene to airway epithelial cells in mice [125].
Another study used a trans-splicing vector approach to fragment a 6 kb mini-dystrophin gene into
two AAV vectors and deliver it to a mouse model of muscular dystrophy [126]. The interdependency
between AAV vectors presents a major limitation in these systems. The complete functionality of
the transgene within a cell is contingent upon the co-delivery of all AAV vectors in the same cell.
Therefore, it is challenging to realize the potential of these platforms until they incorporate
modalities to guarantee the co-delivery of all AAV vectors. This gap can be addressed by nano-
enabled platforms immobilizing viruses such that the delivery of the platform guarantees co-
infection of all viruses. For instance, it is possible to design platforms that can integrate multiple
AAV vectors into one functional unit for cellular delivery. Each AAV vector could carry a fragment
of the desired transgene or a component of the multi-unit genome editor (for instance, either gRNA

or Cas9 or fusion proteins in the context of CRISPR-Cas9). Cells infected with these viral
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assemblies would, in principle, have higher co-infections and subsequently better chances at

reassembling all the fragments and producing the full-length transgene.

1.7. Concluding Remarks and Prospects
Viral aggregation is a widespread phenomenon affecting different aspects of viral infectivity,
survival, and population dynamics. In the initial stages of infection, it can hinder viral spread by
limiting the diffusion of viral particles. However, it can compensate for the loss by increasing cellular
MOI, reducing stochastic barriers, and enhancing infectivity. In addition, a higher MOl sets the stage
for genetic interactions among co-infecting viruses, with potential implications in viral diversity and
evolution. Vesicle-enclosed viral aggregates act as optimal infectious units, mediating non-lytic
release, en bloc transmission of viruses, and enhanced immune evasion. Aggregation is also the
main route taken by antibodies and antiviral compounds to neutralize viruses, and as such, viruses
aggregated by antivirals show enhanced opsonization and rapid clearance. However, these
outcomes are not absolute and vary depending on the viral species and the spatiotemporal context
of viral aggregation.

Live-cell imaging studies coupled with single virus tracking have provided more profound
insights into molecular mechanisms underlying virus infection, trafficking, and interactions with
cells, antibodies, and antivirals. However, for aggregated viruses, these molecular mechanisms are
far from resolved. Given the impact of viral aggregation on different aspects of viral infectivity and
survival, it has the potential to be harnessed into therapeutic tools for gene delivery and antiviral
interventions. Furthermore, establishing standards for describing, differentiating, and
characterizing viral aggregates is essential to assist studies in this rapidly evolving and expanding
scientific field. Findings so far suggest that viral aggregation is a dynamic phenomenon with
unpredictable outcomes, and as such, several questions remain yet to be answered. Some of them
are given below:

a. How commonly do aggregates of pandemic/epidemic/endemic strains of viruses occur in

different environments, such as inside a host cell versus a wastewater treatment plant?
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b. Are there any genetic determinants of viral aggregation? What factors, genetic and
otherwise, influence and distinguish the formation of different kinds of viral aggregates, for
instance, vesicle-enclosed viral aggregates versus virus-virus binding aggregates versus
aggregates formed by virus binding to other surfaces/molecules?

c. Does the nature of viral aggregates determine their fate regarding immune evasion and
clearance? For instance, vesicle-enclosed viral aggregates show enhanced immune
evasion. In contrast, aggregates formed by antibodies are more potent immune stimuli
triggering enhanced opsonization and immune clearance.

d. How does viral aggregation influence different events of an infectious viral life cycle,
including viral adhesion, entry, replication, assembly, and release? What molecular and
cellular factors/mechanisms drive those outcomes? |s aggregation conditional on any
stage of the viral life cycle?

e. How does viral aggregation influence the infectivity and virulence of different viral species
or even different strains of the same viral species? Are there aggregation patterns exhibited
by viral strains/species that can be traced back to the similarities and differences in their
structural/genetic makeup?

f. How does aggregation contribute to the viral fitness, diversity, and evolution landscape?

g. Can we develop model systems to study viral aggregation? Can we induce viral
aggregation in vitro, in vivo, and ex vivo to modulate infectivity, virulence, and
neutralization?

h. How does viral aggregation influence the kinetics and efficiency of viral vectors in gene

therapy?
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AAV  Adeno-associated virus

AWOL Autophagosome-mediated exit without lysis EB Entry blocker

EM Electron microscopy

EMV  Extracellular microvesicles

EV Extracellular vesicle

FGF-4 Fibroblast growth factor-4

GCXV Guaico CuleX virus

HA Hemagglutinin

HAV  Hepatitis A virus

HIV Human immunodeficiency virus

IAV Influenza A virus

MOI  Multiplicity of infection

MSD  Mean-squared displacement

MVB  Multivesicular body

NA Neuraminidase

NET  Neutrophil extracellular trap

OBs  Occlusion bodies

PS Phosphatidylserine

RSV  Respiratory syncytial virus
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TMV  Tobacco mosaic virus

VSV  Vesicular stomatitis virus
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CHAPTER 2
3D DNA ORIGAMI-BASED MULTIVALENT ANTIVIRAL PLATFORM TARGETING NON-
ESSENTIAL VIRAL EPITOPES

2.1.Introduction
Vaccines are the ultimate long-term solutions for infectious diseases. However, the inherent
structural, genetic, and pathophysiological complexities of some viral pathogens make it
challenging to develop effective vaccines against them. For instance, the exceptional genomic
variability and quasispeciation of chronic RNA viruses like human immunodeficiency virus (HIV)
and hepatitis C virus (HCV), with mutation rates as high as 10-3 and 10 per base per replication,
respectively, armor them with ingenious immune evasion mechanisms, thereby complicating the
development of vaccines capable of providing effective cross-genotype immunity (1-3). In contrast,
despite the slow molecular evolution of DNA viruses, efforts to develop vaccines against herpes
simplex viruses (HSV), for instance, have met with limited success. Following primary infection,
HSVs often establish latency with a limited expression of viral proteins and only sporadically
reactivate to resume their normal lytic cycle and cause diseases (4). Unfortunately, prophylactic
treatments against HSVs that can prevent active infections and latency reactivation have not moved
past animal trials. The recent coronavirus disease 2019 (COVID-19) pandemic has been an
exception on many fronts. It is caused by the highly infectious and transmissible respiratory virus,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Moderna Therapeutics and
Pfizer/BioNTech made history in 2020 by developing their SARS-CoV-2 mRNA vaccine candidates
for human trials in less than two months since the outbreak and receiving emergency authorization
for clinical use in less than a year (5-7). To date, 23 vaccines have been authorized for public use
globally, and hundreds more are in various stages of clinical trials (8). This achievement has been
deemed the "quantum leap" in vaccine research and development, made possible by the decades-
long experience of previous viral epidemics, tremendous infrastructure backing, and state-of-the-
art molecular technologies, including gene sequencing and structure-based in silico screening of

targets (9). However, over two million lives were already lost before the first vaccine was made
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available to the public in 2020. As of July 2022, it has caused more than 500 million infections and
over 6 million deaths (10).

Since its inception in the 1960s, antiviral therapy has been substituting for vaccines and
addressing problems associated with vaccine inaccessibility (11). It has revolutionized treatments
for infectious diseases, as demonstrated by the significant decline in mortality and morbidity
associated with Hepatitis, Herpes, and HIV/AIDS, which is no longer characterized as a terminal
illness (12). For reference, to date, there are about 47 anti-HIV, 14 anti-HCV, and 9 anti-HSV
licensed antiviral drugs in use, and together they save millions of lives every year (13). Likewise, 9
antiviral treatments, including 6 monoclonal antibodies treatments and 3 small molecule drug
treatments, have been authorized for the treatment of COVID-19 (14). They have effectively
reduced hospitalizations, improved patient care, and unloaded pressure on public health systems.
The intensive search for antiretroviral inhibitors during the HIV/AIDS epidemic in the 80s and 90s
had partly fueled the soaring discovery of antivirals in the past three decades (13). However, the
authorization timeline for antiviral drugs is a far cry from the rate of drug discovery and synthetic
productivity. The current arsenal of antiviral treatments has only about 118 FDA-licensed antiviral
drugs that treat ten human infectious diseases (15). It comprises predominantly small molecules
and a small fraction of oligomeric compounds, including proteins, peptides, carbohydrates, and
oligonucleotides, grouped under the umbrella term "biologics". Small molecules and biologics vastly
differ in their physiochemical properties and clinical development trajectories. Small molecules are
chemically synthesized and, as their name implies, have low molecular weights (less than 1 kDa).
Their simple and well-defined structures give them an attractive pharmacological profile that favors
oral bioavailability, immune tolerance, predictable side effects, and a superior ability to permeate
cell membranes (16). On the other hand, biologics are derived from biological systems and have
relatively higher molecular weights, making them impervious to cell membranes and higher
structural complexity, making their characterization difficult and clinical outcomes less predictable
and tolerable (17). The virus infection cycle is a multistep process involving a series of tightly
controlled sequential stages orchestrated by various virus and cellular factors. In principle, antiviral

treatments can target any of these stages. However, rather than neutralizing viruses directly, they
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inhibit molecular components needed by viruses to progress the infection cycle. Most antiviral drugs
target virus-specific cellular machinery such as virus-encoded enzymes or virus-specific structural
domains, though some also target host-specific cellular machinery such as host cell protein
receptors.

Therapeutic drug development is a complicated process with several challenges unique to
small molecules or biologics. However, the bottlenecks of lengthy development timelines,
exorbitant costs, and immense infrastructure prerequisites hinder them without bias. Even more
concerning is the possibility that post-authorization, the lifetime of these drugs will be severely cut
short due to the intractable problem of drug resistance. The large population size of viruses, their
high mutation rates, and the often-unchecked exposure of animal reservoirs to antiviral drugs work
together to accelerate virus adaptation toward resistance (18). For instance, amantadine and
rimantadine are two small molecules belonging to the adamantane family of antiviral drugs that
block the M2 ion channels of influenza A viruses (IAV), subsequently preventing virus uncoating.
They received clinical authorization in 1966 and 1993, respectively, and were used after that to
prevent and treat IAV infections. However, in early 2000, they were discontinued following the rapid
and worldwide adamantane resistance caused by a single S31N amino acid substitution within the
transmembrane domain of the M2 protein (19, 20). Drug resistance has been reported for six of the
ten human virus infections currently being treated with antiviral drugs, including HIV/AIDS, HBV,
HCV, herpes, influenza, and SARS-CoV-2/COVID-19. Antiviral selective pressures start working
right from the moment of drug administration to compromise its clinical potential. For instance,
acyclovir is a small molecule nucleoside analog that acts as a DNA polymerase inhibitor and is
widely used to treat herpes infection and encephalitis. Acyclovir-resistant HSV strains were first
reported in 1982, shortly after the drug's clinical authorization and initial systemic administration
(21). Similarly, multiple variants of concerns (VOC) have already been reported in the last two years
since the COVID-19 pandemic (22-26). In particular, with the rise of the omicron variant and sub-
variants, the US FDA has already limited the use of three of the six anti-SARS-CoV-2 monoclonal
antibody treatments for mild to moderate COVID-19, including REGEN-CoV (casirivimab and

imdevimab, administered together), bamlanivab and etesemivab administered together, and
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sotromivab (14, 27-29). These limitations have reemphasized COVID-19 vaccine authorization and
distribution for all age groups. Additionally, as obligate intracellular parasites, viruses depend on
the host-cell biosynthetic machinery to replicate and advance their infection cycle. So, antivirals
have limited virus-specific metabolic functions to target without collateral damage to the host. This
fact, coupled with the considerable structural and functional differences among viral families, makes
developing broad-spectrum antivirals even more challenging.

Therefore, our current repertoire of antiviral drugs and global preparedness fall short of the
level needed to deal with novel, reemerging, and persistent infectious diseases. Considering the
pressing need for better antivirals and the challenges surrounding clinical drug development
pathways, researchers have substantially shifted their focus toward repurposing drugs, especially
in the case of viral diseases lacking specific treatments. This strategy provides a "shortcut" to
developing effective therapeutic interventions, such as novel drug targets and molecular pathways,
by adapting existing (pre-clinical or clinical) drugs into ready-to-run standardized platforms (30).
Compared to de novo drug discovery, it can reduce development timelines, costs, and potential
risks while improving drug predictability and efficacy. Its clinical potential has been demonstrated
by an increasing number of studies identifying promising drug candidates for numerous viral
infectious diseases, some of which have advanced to clinical trials and received FDA authorization
within a few years (31-33). They are described in greater detail elsewhere (30).

A critical element of drug repurposing studies is controlling the effective doses required for
antiviral activity, which could be higher than those in clinically approved regimens. One way to
increase the effective concentration of antiviral drugs without compromising their therapeutic index
is by leveraging multivalency. Multivalent interactions are pervasive phenomena underlying several
biological processes, particularly at the molecular, microbial, and cellular levels (34). They can be
exemplified by interfacial interactions such as membrane receptors cross-linking different cells or
cells with other molecules for signaling, transcription factors binding to DNA for gene regulation,
and bacteria and viruses adhering to cell surfaces for infection. They result in enhanced binding
and exhibit more distinctive properties than their monovalent counterparts; hence, they can be

manipulated to enhance or obstruct collective interactions. For instance, in the early stage of
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infection, pathogenic viruses and bacteria adhere to host cell surfaces, typically via multivalent
protein-carbohydrate interactions (35-36). Many pathogens employ more than one type of protein-
carbohydrate interaction. A summary of viral and bacterial surface ligands and their corresponding
receptors is given in this review (34). Individually, the protein-carbohydrate interactions are weak,
characterized by dissociation constants (Kp) ranging from uM to mM concentrations, and fail to
progress the infection cycle to the next step (37, 38). However, their collective binding strength,
also referred to as avidity, is remarkably stronger and subsequently orchestrates the internalization
of pathogens inside host cells. For instance, during influenza viral infection, it is estimated that
multiple hemagglutinin (HA) ligands of a virus bind to sialic acid (SA) surface receptors of an
erythrocyte with an affinity of 108 M1, but the association constant for a single SA-HA interaction
is 103 M- (34).

Conventional antiviral treatments employ monovalent drugs, which require high dosages
to outcompete multivalent interactions between viruses and host cells and carry an elevated risk of
triggering antiviral resistance mechanisms (39, 40). Therefore, multivalent architectures with
different spatial arrangements of ligands are intensively investigated as prophylactic and
therapeutic intervention strategies to probe various microbial pathosystems (34, 41). As antivirals,
they can competitively inhibit host-pathogen interactions and prevent pathogen adhesion to the
host cells during the initial stages of infection. Alternatively, they can be used to display antigenic
epitopes that mimic the unique glycoconjugates present on the surface of pathogens, subsequently
eliciting or enhancing immune responses as vaccines and immunomodulators (42, 43).

Viral surfaces are decorated with repeating units of proteins, carbohydrates, and lipids,
which are responsible for early molecular interactions that attach them to the cell surface before
locking into specific entry receptors (35, 36). These domains can serve as pharmaceutically
relevant targets depending on their spatial distribution and accessibility. Recent examples of
optimized multivalent inhibitors include the structure-based designs of sialic acid (SA)
glycoconjugates on dendrimer and icosahedral bacteriophage (QB) backbones that enable
modulation of ligand density and spacing to mimic native virus epitope geometry and enhance

binding efficiency (44, 45). The multivalent ligands bind to hemagglutinin (HA) trimers on the

45



influenza virus surface with high affinity and block HA interaction with SA receptors on the host cell
glycocalyx, preventing cellular entry. Similarly, studies investigating multivalent ligand architectures
for HIV include gold nanoparticles displaying oligomannoside ligands, mimicking the high-
mannose-type glycans of viral envelope glycoprotein gp120, and obstructing DC-SIGN-mediated
HIV infection (46). Another example comprises peptide-triazoles (PT) ligands arranged on gold
nanoparticles that bind to HIV-1 envelope gp120 with high affinity and antagonize interactions
between the HIV envelope and CCR5/CXCR4 receptors on CD4+ cells, thereby inhibiting virus
infection (47). Similarly, for SARS-CoV-2, a few recent studies have reported multivalent designs
with proteins and nanobodies that mimic the host angiotensin-converting enzyme 2 (ACE2)
receptors and bind to the receptor binding domains (RBD) of the viral spike proteins to block virus
entry into cells (48).

A rational design of multivalent inhibitors requires careful consideration of the intrinsic
affinity between the virus binding ligands and their receptors on the virus surface, as well as the
spatial distribution, density, and accessibility of receptors on the virus surface (41, 49). Additionally,
to appeal as broad-spectrum antiviral platforms, they must be modular and adaptable to incorporate
different functional domains and accommodate precise spatial configurations that can effectively
address the target pathogen. Most of the earlier multivalent inhibitor designs seem to have failed in
this aspect, most likely owing to the structural limitations stemming from their choice of scaffold
material. The scaffold choice in multivalent systems seems to be the predominant deterministic
factor for addressing spatial and temporal control issues such as the geometry, valency, and density
of ligands and the avidity, selectivity, flexibility, stability, and biocompatibility of the assembled
constructs. In the past, studies investigating multivalent architectures for competitively and
effectively inhibiting viral infections primarily focused on the influenza virus and utilized various
scaffold materials, including proteins, polymers, dendrimers, nanoparticles, liposomes, and
quantum dots, with varying degrees of success. However, to further elucidate their role in functional
multivalent systems, systematic studies that compare diverse scaffold architectures synthesized
from the same material or that compare different scaffold materials making similar designs are

lacking. The intrinsic mechanical features of many of these materials hinder designs that
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incorporate modularity, self-assembly, flexibility, and reproducibility, which may explain why
multivalent inhibitors have not concretely realized their enormous therapeutic potential. In addition,
some of them present non-negotiable problems at biological interfaces, such as high toxicity, poor
biocompatibility, and low in vivo efficacy. Together, these challenges present a unique landscape
for structural nanotechnology and molecular medicine to occupy.

Structural DNA nanotechnology, with its unique features of molecular self-assembly,
nanofabrication, programmability, and nanometer-scale addressability, has emerged as a
breakthrough technology enabling the engineering of sophisticated diagnostic, therapeutic, and
theranostic tools capable of addressing the aforementioned concerns. The DNA origami (DO)
method, pioneered by Rothemund, enables the folding of one long single-stranded scaffold DNA
by a set of complementary short strands, resulting in the assembly of highly sophisticated and
customizable 2D and 3D nanostructures with well-defined geometry in a homogenous,
reproducible, and scalable manner (50). As a biological material, DNA is biocompatible and
biodegradable with minimal cytotoxicity. As a construction material, DNA can be modified to
incorporate various active domains, such as molecular cargos and targeting ligands, that can cater
to the various functionalities of the assembled nanostructures. In addition, DNA nanostructures
(DN) can develop dynamic capabilities in response to different physiological or non-physiological
stimuli by incorporating responsive components (51).

From a therapeutic perspective, DNA origami nanostructures (DONs) have been
extensively investigated as multivalent carriers of molecular cargoes like drugs, antibodies, and
therapeutic nucleic acids. DONs such as DO tetrahedra (DT), DO triangles, and DO nanotubes
have been successfully used to deliver doxorubicin (Dox), resulting in optimal drug internalization
and antitumor effects assessed by increased apoptosis of cancerous cells in vitro and reduced
tumor growth /n vivo (52, 53). Additionally, owing to their modularity and ease of bioconjugation,
DONs have been successfully used as multiplexing platforms. Some examples of DO-based
multifunctional delivery systems include DO triangles for the co-delivery of Dox with two short
hairpin RNAs (shRNA) targeting tumor-associated genes to combat multidrug-resistant tumors

(MCF-7R) and DO triangles for the co-delivery of Dox with aptamer-tagged gold nanorods for
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effective circumvention of tumor drug resistance (54, 55). To improve targeted drug delivery, DONs
can be assembled with ligands that target pathological cues or biomarkers specific to diseases. An
early example of DO-based targeted drug delivery includes a dynamic logic-gated nanorobot
assembled as a hexagonal barrel, which was used as a vehicle to deliver antibody fragments to
cells. Antibody fragments were loaded onto the nanorobot in a closed configuration using an
aptamer "lock," which can only be opened upon binding with a specific antigen "key", expressed by
target cells (56). The enhanced delivery, uptake, and efficacy of DO-carrier drugs with negligible
systemic toxicity demonstrated in these multivalent systems as opposed to monovalent drugs serve
as excellent examples of DN-based drug repurposing pipelines. On the diagnostic end, DONs can
be assembled with targeting probes like aptamers in dynamic configurations that can give readable
outputs upon binding/sensing targets. Studies investigating DON-based sensing, imaging, and
genotyping applications have been summarized in greater detail in this review (57).

More recently, DN and DONs have been used to probe different pathosystems as sensors
and inhibitors of viral infections (58-61). Kwon et al. developed a 2D star-shaped DNA
nanostructure with a unique multivalent display of virus-targeting aptamers that matched the spatial
patterning of dengue virus envelope domains (ED3) clusters with nanometer precision (58). The
bifunctional DNA nanodevice acted as a sensor with fluorescent output upon binding to dengue
virus in human serum and plasma and as an inhibitor that obstructed viral entry into cells. The
sensitivity of virus detection in serum samples was 10-fold superior to the standard RT-qgPCR-
based method. Similarly, the half-maximum effective concentration (ECso) of virus inhibition showed
an improvement of 7500-fold compared to the monovalent aptamer inhibitor. In yet another recent
study, using the DO technique, Sigl et al. developed different sizes of 3D icosahedral shells made
with triangular subunits and functionalized with antibodies for trapping viruses and subsequently
inhibiting them (59). The shells were adapted to the architectural symmetry principles of viral
capsids and behaved like traps with hollow interiors. Unlike the previous 2D DNA star design, in
which the positioning of binders mirrored the spatial patterning of viral epitopes, the shell system
incorporated virus binders at set anchor points in the shell interior. By incorporating antiviral

antibodies into shells, they demonstrated the trapping of hepatitis B virus (HBV) and neutralization
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of adeno-associated virus (AAV) with a modest improvement of half-maximal inhibitory
concentration (ICso) by a factor of 3 compared to that of the antiviral antibody. Principally, both
designs can work with other candidate virus binders, including antibodies, proteins, peptides, and
aptamers. However, for viral specificity, the scaffold architecture in the 2D DNA star paper would
also need to be modified along with the virus binders to accommodate the spatial patterning of viral
epitopes. On the contrary, the DNA shell system can be customized for any virus by only altering
the virus-specific binders. In another recent study by the Wang lab, the authors changed their
design architecture to accommodate the differences in the spatial distribution and intrinsic nature
of the glycoprotein targets on the virus surface (61). In this work, they developed rational 2D DNA
net designs with spatially-patterned aptamers that matched and targeted spike proteins of SARS-
CoV2 viruses. Similar to their previous design, the DNA net design incorporated fluorophore-
guencher pairs that provided a fluorescent readout upon binding to the target. The detection limit
of the sensor was comparable to that of the standard RT-PCR-based methods. However, the half-
maximum effective concentration (ECso) of virus inhibition showed an improvement of 1000-fold
compared to the monovalent aptamer inhibitor.

In this chapter, we have demonstrated the development of a highly potent 3D DNA origami-
based multivalent antiviral platform targeting non-essential viral domains. We demonstrate our
strategy by directly targeting the recombinant pseudorabies virus (PRV) 486 through nanobody-
conjugated snub cube DNA origami (SC-nbGFP). nbGFP targets pHluorin domains attached to the
PRV 486 envelope gM. Among the six nonessential PRV glycoproteins, gM is the only one that is
conserved throughout the members of the Herpesviridae family, which makes it a potential
immunological target (62, 63). Although studies suggest differential roles of glycoproteins across
alphaherpesviruses (64), PRV gM is not actively involved in the entry and replication events of viral
infection (63, 65). This architecture was strategically designed to multivalently present virus binders
in 3D while considering the size differences between the virus and snub cube for maximum
interaction with negligible cellular impact and off-target effects. Although previous studies have
investigated multivalent interactions and platforms to inhibit viral infections, to our knowledge, the

therapeutic potential of hon-essential viral targets has not been explored. On the therapeutic front,
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antivirals targeting essential viral domains often face the challenge of finding structure-dependent
molecular targets and the risk of being short-lived due to the tendency of viruses to mutate those
domains more frequently. As such, modular and multivalent scaffold strategies capable of
incorporating non-essential but virus-specific binders independent of structural characterization

may address these issues on both fronts.

2.2. System Overview
All previous studies on multivalent inhibitors are based on binders with some degree of antiviral
activity. In this work, to investigate the potential of non-essential viral epitopes to serve as
therapeutic targets, we first assembled our model system, comprising an infectious virus strain and
virus binders that target external virus domains.

We selected Pseudorabies virus (PRV) as the prototypical pathosystem in this study. The
average PRV virion particle size is ~200 nm in diameter. As the causative agent of swine infectious
diseases, PRV is responsible for enormous economic losses in the swine industry worldwide. Even
though they have been mostly overlooked as human pathogens, several isolated cases of animal-
to-human transmissions have been reported. In the absence of PRV-specific antiviral, the problem
is exacerbated by the rise of novel PRV variants which seem to evade immunity provided by the
only commercially available attenuated vaccine. We took advantage of the strain PRV 486 that
expresses pHIluorin (a pH sensitive GFP variant) on the glycoprotein M (gM) domains of the viral
envelope (Fig. 1A). By targeting pHIuorin domains on the virus directly, we could assess changes
in the viral infectivity as a measure of the fluorescence output. PRV 486 is derived from the wild-
type PRV Becker strain in which the wild-type gM locus is replaced with the gM-pHIuorin coding
sequence (66). gM is the only non-essential glycoprotein conserved throughout the Herpesviridae
family (62). It is a 45 kDa type lll transmembrane protein comprising eight membrane-spanning
domains and expressed as a heterodimer with gN (65). Functional in vitro and in vivo studies
employing gM mutant strains have established the role of gM in the virus replication cycle,
particularly in virus secondary envelopment and the membrane trafficking of proteins (63, 67-69).

In addition, we explore a most-extreme application of our system by targeting a chimeric epitope
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that is not involved in viral infection, and which is embedded within a non-essential protein for PRV
virulence.

Considering the ease of synthesis and amenability to modifications and bioconjugation, we
selected two distinct sets of binders to target the pHIuroin domains of the PRV 486 viruses. First,
we selected anti-GFP single-domain antibody fragments, also called VHHs or nanobodies.
Nanobodies (nb) offer several advantages over conventional antibodies including their general
amenability to be recombinantly expressed, a single binding valency, smaller size, and ability to
make fusion proteins to aid in bioconjugation, all of which are favorable for our present study (Fig.
1B). nbs are small monomers with molecular weights of 12-15 kDa, as opposed to ~150 kDa for
antibodies. Despite their small size, they retain high binding specificities and affinities in the
picomolar to nanomolar range. Although conventionally derived from camelids and sharks, they
can be recombinantly produced with high purity and stability in different expression systems. They
can be modified with customized tags, including fluorophores, affinity tags, and epitope tags,
without compromising their affinity and specificity. In biological systems, they show low
immunogenicity and excellent tissue penetration characteristics. In our study, we selected GFP-
nanobody (nbGFP), a 35 kDa protein, modified with a His-tag for protein purification and a SNAP-
tag for additional conjugation (70). It recognizes GFP and pHluorin and has a one-to-one
stoichiometric binding to GFP with a Ko < 2 nM (71-73). The binding affinity of nanobody GFP to
PRV 486 was previously unknown.

We selected GFP aptamers (apt-GFP) for our next set of binders. Aptamers are short
ssDNA or ssRNA nucleic acid sequences (5-25 kDa; < 100 bases) that form unique secondary and
tertiary structures. They show highly selective binding to their targets, with Ko in the picomolar to
nanomolar range. They are synthesized by an /n vitro technology called the Systematic Evolution
of Ligands by Exponential Enrichment (SELEX), which involves iterative cycles of target binding
with a pool of sequences, separation of bound sequences, and amplification for the next round.
Similar to nanobodies, they are easy to synthesize and can be easily modified to incorporate
different tags with nanometer precision. For these reasons, they are increasingly used as optical

and electrochemical sensors and, more recently, as antiviral agents. The GFP aptamer we have
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used in this study has a high binding affinity to EGFP, with Ko < 4nM. Like nbGFP, the binding
affinity of aptGFP to PRV 486 was previously unknown.
2.3.Results
2.3.1. nbGFP binds to PRV 486 specifically

Previous studies have reported the binding affinity of nboGFP to EGFP to be Ko < 2 nM (71-73).
nbGFP has also been successfully used to detect pHluorin-tagged proteins after exocytosis from
synaptic vesicles (74). Similarly, PRV 486 viruses have been detected using anti-GFP antibodies
for immunofluorescence (IF) studies (66). However, the binding dynamics of nbGFP to PRV 486
have not been investigated independently. Therefore, we decided to analyze interactions between
nbGFP and PRV 486 before the assembly of the multivalent platform.

First, we qualitatively confirmed nbGFP binding to PRV 486 using a super-resolution
fluorescence microscopy-based imaging assay (Supp Fig. 2). Next, we performed a semi-
quantitative ELISA assay to determine the relative affinity of nbGFP to PRV 486. In brief, we coated
96 well ELISA plates with PRV 486 and incubated nbGFP at concentrations ranging from 10 pM to
1 uM. The virus-bound nbGFP was detected with an anti-histidine horseradish peroxidase that
catalyzed a colorimetric reaction upon adding TMB substrate. The representative ELISA binding
curves are shown in Fig. 1C. The nbGFP molecules were able to bind to the viruses and showed
concentration-dependent changes in virus binding. Compared to the virus, nbGFP bound more
strongly to EGFP, which we used as a positive control. Although absolute Ko values could not be
determined since we used semi-purified viral stocks, we estimated the relative binding affinities
using standard curve-fitting for the binding curves. Semi-purified viral stocks were chosen because
they more accurately reflect the biologically relevant milieu of intact viral particles and partially
formed viral particles that are likely present when an antiviral is to be presented. The relative binding
affinities of PRV 486 to nbGFP and EGFP were ~14 nM and ~0.5 nM, respectively. The lower
affinity of nbGFP binding to PRV 486 than EGFP is most likely due to the three amino acid changes,
at positions 147, 204, and 206, in pHIluorin epitopes that bind to the complementarity determining

regions (CDRs) of the nbGFP (Fig 1D).
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Fig. 1] Characterization of nbGFP binding activity. A, Schematic illustrating the structural
components of Pseudorabies virus (PRV). PRV 486 expresses pHIluorin on the virus envelope
which gets quenched in low pH, typically found inside intracellular vesicles. B, Schematic illustrating
nanobody structure. Ribbon diagram of nbGFP highlighting the amino acids that directly contact
GFP. C, ELISA binding curves of nbGFP to PRV 486 and EGFP. The absorbance values represent
the specific binding of nbGFP. Absorbance resulting from non-specific interactions without the virus
or EGFP was subtracted at every tested concentration. Data are presented as mean + S.E.M., N =
2 biologically independent experiments. D, Table showing epitopes of nhbGFP on EGFP and
pHIluorin. The three amino acids that are different between the two molecules are highlighted in
bold. nbGFP ribbon diagram created using Mol* (D. Sehnal, S. Bittrich, M. Deshpande, R.
Svobodova, K. Berka, V. Bazgier, S. Velankar, S.K. Burley, J. Ko¢a, A.S. Rose (2021) Mol* Viewer:

modern web app for 3D visualization and analysis of large biomolecular structures. Nucleic Acids
Research).

2.3.2. Design, assembly, and characterization of the multivalent platform
DNA origami (DO) technology enables the synthesis of 3D molecular scaffolds for the spatial

presentation of biomolecules with defined nanometer-level precision to build functional molecular
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devices (50, 60, 76). To investigate the effect of multivalency on virus binding and subsequent
infectivity, we used DNA origami to spatially distribute virus binders, resulting in the formation of
the multivalent platform. Previous studies have shown that the size, shape, and complexity of DNA
nanostructures affect their stability, pharmacokinetics, and interactions at biological interfaces /in
vitro and /n vivo (77-84). Like other Herpes viruses, PRV is about ~200 nm in diameter. Studies
demonstrating a size-dependent effect on multivalent interactions have shown a higher degree of
viral inhibition with inhibitor sizes slightly smaller or similar to the virus (85, 86). Increasing the size
of the DNA origami scaffold to match the size of the virus may increase the antiviral efficacy of the
multivalent system and provide a higher surface area to increase the valency without clustering of
ligands (85). However, a larger DNA origami nanostructure is likely to compromise its
immunotolerance and necessitate a higher Mg2* ion concentration to maintain its structural integrity
which is not typical in physiological environments (77, 78). In an effort to rationally design the DO
scaffold considering the size range of virus particles while maintaining the structural integrity of the
assembled multivalent system and a low surface area to volume ratio, we opted for wireframe DNA
origami scaffolds, ~50-100 nm diameter size.

To this end, we adapted the snub cube (SC), a 3D wireframe DNA origami, ~60 nm
diameter-size, with 60 edges, 24 vertices, and 38 faces, including 6 squares and 32 equilateral
triangles (87). For multimerization of SC with virus binders, we site-specifically conjugated 60
copies of nbGFP per SC (one on each edge of the SC) via benzyl guanine (BQ) linkers. We named
this construct SC60H-nbGFP, where H is the number of handles. The formation of SC60H-nbGFP
was accomplished in three steps: i) synthesis of SC60H scaffold, ii) incorporation of complementary
linker strands into SC60H, and iii) conjugation of nbGFP to the linker strands-attached SC60H. The
SC60H was assembled by hybridizing a 7249-nucleotide M13mp18 ssDNA with a ten-fold molar
excess of 192 staple strands in a one-pot thermal annealing reaction followed by purification with
100 kDa molecular weight cut-off filtration (Fig 2A). The staple sequences making up each of the
60 edges were modified from the original SC design to include 20 nucleotides-long single-stranded
DNA (ssDNA) overhangs that complement the linker strands (Fig. 2B). Using this approach, we can
vary the copy number of virus binders in the SC scaffold from 1 to 60. Next, the sixty ssDNA
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overhangs of the SC60H were hybridized with complementary ssDNA linker strands tagged with
BG domains (BG-ssDNA). Finally, the BG-tagged SC60H molecules were conjugated to SNAP-
tagged nbGFP. We maintained a 12.5 mM Mg?%* concentration throughout all preparation and
purification steps to retain the structural integrity of the 3D DNA nanostructures. We characterized
the formation of SC60H, SC60H-BG-DNA, and SC60H-nbGFP after each step using 1% AGE (Fig.
2C). The gel shift assay showed distinct bands, validating the formation of DO nanostructures (Fig.
2). The reduced electrophoretic mobility of bands aligned with their relatively increasing molecular
weights, confirming the correct formation of nanostructures after each synthesis step. The final SC-
nbGFP were the heaviest nanostructures showing the lowest mobility in AGE, followed by SC-BG-
DNA intermediate nanostructures with the complementary ssDNA attached to the BG-linker and

finally by the SC constructs with 60 ssDNA overhangs corresponding to their valency.

A B
Stgples Folding 5' ssDNA extension
Thermal 7 —
Scaffold annealing
DNA < >
—
salt Scaffold 5' ssDNA extension
¢ D

~60nm ——

—

SC60H-nbGFP SC60H-nbGFP

Fig. 2| Characterization of the multivalent system. A, Schematic of the DNA origami technology.
The technique involves folding the M13mp18 ssDNA using short staple strands in the presence of
cations such as Mg?*. B, Secondary structure of an edge of the snub cube (SC) with ssDNA
overhang. C, Schematic of the 3D structure of the SC with 24 vertices and 60 edges and SC-nbGFP
displaying multiple copies of nbGFP. D, Gel shift assay using 1% AGE showing the successive
formation of SC60H, SC60H-BG-DNA, and SC60H-nbGFP. The unfolded M13mp18 strand is used
as a reference.

55



2.3.3. SC60H-nbGFP enhances virus binding avidity

To address the functionality of the multivalent system, we first analyzed the impact of SC60H-
nbGFP valency on virus binding using a semi-quantitative ELISA assay. We coated 96 well ELISA
plates with PRV 486 and incubated the virus binders, nbGFP, and SC60H-nbGFP, at different
concentrations. We quantified the extent of binding of nbGFP and SC60H-nbGFP using an
orthogonal nbGFP-specific reporter antibody coupled to horseradish peroxidase (HRP). Residual
nbGFP and SC60-nbGFP that were bound to the wells were detected by HRP-catalyzed
colorimetric reaction upon the addition of TMB substrate.

The data from the ELISA binding assay are normalized to reflect specific binding values
(Fig 3). We used AbGFP as a positive control for nbGFP-associated binders. All binders showed
concentration-depended changes in the absorbance values, suggesting specific binding activity.
The low binding of nbGFP at concentrations < 10nM is attributable to inefficient passivation of virus
surfaces to prevent non-specific interactions. However, the virus binding avidity was enhanced in
the presence of the multivalent binder, SC60H-nbGFP. Although we could not quantify the absolute
binding affinities using ELISA since we did not account for the batch-to-batch variations in nbGFP
and semi-purified virus stocks, the relative KD showed a 1000-fold enhancement in the binding

affinity of SC60H-nbGFP (~14 pM) compared to the monomeric nbGFP (~16 nM)
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Fig. 3| Characterization of SC60H-nbGFP binding activity. A, Schematic of ELISA assay. B and C,
ELISA binding curves of PRV 486 to nbGFP, AbGFP, and SC60H-nbGFP. Graphs are separated
to reflect the x-axis protein concentrations (left) and DNA concentrations (right). Absorbance values
resulting from non-specific interactions without the virus or EGFP were subtracted. Data are
presented as the average of two technical replicates.

2.3.4. SC60H-nbGFP compromises PRV 486 infectivity /n vitro

Encouraged by our previous results, we investigated if enhancement of virus binding avidity can
influence viral infectivity by performing a plaque reduction assay /n vitro. To this end, we incubated
PRV 486 viral particles with a 1000-fold molar excess (100 nM) of SC60H-nbGFP and determined
the residual infectivity by infecting PK15 cells. Viral infectivity is calculated as the ratio of the number
of plaques formed in the treatment group to the number of plaques formed in the control group with
no binders. We found that incubation of PRV 486 with SC60H-nbGFP significantly reduced viral
infectivity by ~50% (Fig 4A). In comparison, the presence of just the scaffold, SC60H, or the
monomeric binder, nbGFP, had negligible effects on PRV 486 infectivity.

Next, to assess the antiviral efficacy of SC60H-nbGFP, we performed a dose-response
analysis (Fig 4B). We incubated PRV 486 particles with increasing concentrations of the multivalent
binder and performed plaque reduction assays on PK15 cells. As controls, we examined the
inhibition of the virus by the scaffold, SC60H, and the binder, nbGFP. The group infected with PRV
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486 alone is used as the reference to determine viral infectivity of other groups treated with the
multivalent binder or its individual components. The representative images from plaque assays are
shown in Fig 4C. According to our data, SC60H-nbGFP demonstrated dose-dependent inhibition
of PRV 486 with an estimated half maximal inhibitory concentration (ICso) of ~3 nM. In contrast, the
viral infectivity remained unchanged upon treatment with the control groups comprising either the
scaffold, SC60H, or the binder, nbGFP.

These results indicate that the enhancement of virus binding achieved with SC60H-nbGFP
effectively impeded the virus infection cycle. The data also establish that multimerization of non-
inhibitors such as the gM-pHIluorin targeting nbGFP on rational DNA origami scaffolds such as the

snub cube can be effective strategies for probing viral pathosystems and developing effective

interventions.
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Fig. 4| Effect of SC60-nbGFP on PRYV infectivity /n vitro. A, Schematic illustrating infectivity assays.
B, Comparison of residual infectivity of PRV 486 after treatment with different groups. Data are
presented as mean + S.E.M., N = 3 biologically independent experiments. A two-tailed #test was
performed to test significance against the PRV-only group ( **P < 0.005; *P < 0.05). The infectivity
of PRV only group is used as the reference for calculating percent infectivity. C, Representative
plague assays corresponding to the maximum concentration of SC60-nbGFP, SC60, and nbGFP
at 150nM. PRV 486 group is shown for reference. D, Dose-dependent, plaque-reducing inhibition
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curves for the SC60-nbGFP, SC60 (scaffold only), and nbGFP (binder only). Data are presented to
show individual replicates.

2.3.5. The ICso is nontoxic to cells in vitro

An ideal drug should have a relatively high therapeutic index (TI), i.e., it should be effective at low
concentrations and toxic only at very high concentrations (88). Previous studies have attested to
the minimal toxicity of DNA-based molecular devices, which makes them attractive therapeutic
tools. Here, to further substantiate the therapeutic efficacy of our antiviral platform, we investigated
the cytotoxicity of SC60H-nbGFP in PK15 cells using an LDH assay. In brief, we incubated cells
with different concentrations of SC60H-nbGFP for 24 hours and processed the cell supernatant to
quantify cytotoxicity levels. The LDH assay measures lactate dehydrogenase (LDH) enzyme
released by cells upon damage to the plasma membrane in response to cytotoxic components in
the cell culture medium.

The data that we obtained are summarized in Fig 5. For the range of concentrations that we tested,
we observed no apparent cytotoxicity with SC60H-nbGFP at concentrations < 10 nM. This is
consistent with previous studies employing 2D, and 3D DO nanostructures (59, 89). At
concentrations > 10 nM, SC60H-nbGFP exhibited a cytotoxic effect on the PK15 cells that was
similar to that of SC60H and M13 controls, which indicates that the observed cytotoxicity is due to
the DNA component of the multivalent assembly. At the highest DNA concentration of 150 nM, the
viability dropped to ~80-90% for SC60H-nbGFP and SC60H. For M13, the drop in cell viability was
comparatively higher at ~70-80%. The ICso value of ~3nM falls below the toxicity threshold of
SC60H-nbGFP. However, additional experiments are needed to understand how this data fits into

the broader context of the SC60H-nbGFP pharmacological profile.
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Fig. 5| /n vitro cytotoxicity assay. A, Schematic illustrating the release of lactate dehydrogenase
(LDH) enzyme after damage to the cell membrane. B, Cell viability after treatment with SC60-
nbGFP for 24h. Data are presented as mean + S.E.M., N = 2 biologically independent experiments.

2.4 Discussion

In this chapter, we have demonstrated the development of a 3D DNA origami-based multivalent
antiviral platform. In doing so, we have argued that multivalency can be leveraged to expand the
repertoire of antiviral targets to include non-essential viral domains. As the prototypical
pathosystem in our study, we chose the recombinant Pseudorabies virus 486, expressing pHIluorin
domains on the gM of the virus envelope. We targeted the virus using nanobody GFP (nbGFP)
binders conjugated at a one-to-one stoichiometric ratio to the 60 edges of the 3D wireframe snub
cube (SC) scaffold.
Our multivalent scaffold showed an ICso in the lower nanomolar range, consistent with a few recent
studies using multivalent DNA-based 2D and 3D scaffolds for antiviral applications (58, 59, 61).
Since no antivirals are available for PRV, we could not directly compare our system's efficacy.
However, a recent paper reported an ICso of 15.2 - 31.6 pg/mL (100 - 600 nM) with monoclonal
antibodies developed against gB of different PRV strains (90). More importantly, in contrast to all
the previous multivalent inhibitor designs that rely on binders targeting essential viral domains, our
multivalent system targeted the PRV gM, the only non-essential gene conserved throughout the
Herpesviridae family, which does not actively participate in virus entry processes (65). To our
knowledge, the therapeutic potential of non-essential viral targets has not been explored. For

instance, the aptamer binders in the recent DNA star study targeted the envelope protein domain
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[ll (ED3) clusters of the Dengue virus that interact with the primary and secondary cell surface
receptors (91, 92). Similarly, the aptamer binders in the recent DNA net study targeted the receptor
binding domains of the trimeric spike proteins of SARS-CoV2. Similarly, numerous studies on
influenza viruses have utilized protein, peptides, and aptamers targeting the hemagglutinin (HA)
epitopes that bind to the cell surface receptors and mediate the virus entry processes (45, 93-95).
As expected, by targeting these essential domains, the monovalent binders demonstrated antiviral
activity as well, although poorly. The monomeric aptamers in the DNA star and the DNA net papers
showed ICso of ~10 pM and ~15 pm, respectively. In comparison, the multivalent inhibitors
enhanced the ICso values by three orders of magnitude. The enhancement was mainly attributed to
their design strategy to display the binders matching the spatial pattern of virus epitopes with
nanometer-scale precision. DNA nanostructures seem to be the perfect scaffold for the rational
design of multivalent inhibitors, a challenge that has remained largely unaddressed by the
conventional polymeric and inorganic scaffolds. However, in contrast to these studies, the
monomeric nbGFP binders in our study failed to inhibit PRV 486 viruses even at a concentration of
50 uM (the highest concentration that we tested), while the multivalent SC-nbGFP demonstrated
an ICso ~3 nM. We demonstrated the switch of a non-inhibitor targeting non-essential viral domains
to a highly potent one by conjugating it to the 3D DNA origami scaffold and leveraging multivalency
for its spatial distribution across the SC surface.

A possible explanation for this could lie in the spatial proximity of gM to other glycoproteins,
such as gB, gC, gD, and gH/gL, which are responsible for PRV attachment and binding with cell
surface receptors (96). Although the spatial distribution of PRV envelope glycoproteins has not
been resolved yet, studies on Herpesviruses, a close counterpart of PRV, have shown that
glycoproteins, gB, gC, and gH/gL, are evenly distributed on the virus envelope. The dynamic gD
seems to reorganize from functional clustering to a more even distribution during virus binding,
subsequently triggering gB and gH/gL mediated membrane fusion (97). In our study, virus-bound
SC60H-nbGFP could sterically block the interactions of entry-associated glycoproteins with the cell
surface receptors. Another explanation for this is that virus-bound SC60H-nbGFP could increase
the molecular weight of the virus particles and compromise their passive mobility achieved via
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Brownian motion. Based on our findings, we argue that factors such as steric shielding and virus
mobility can be equally effective in modulating key deterministic events of viral infection. This opens
the prospect of expanding binder choice to include non-essential targets as long as they are
accessible and expressed in sufficient copy numbers.

The performance of the SC-nbGFP in the cytotoxicity assay further substantiates the
therapeutic potential of DNA-based multivalent platforms. Investigating the toxicity of DNA
nanostructures is essential to realize their clinical translational potential. Interactions and uptake of
DNA nanostructures at cellular interfaces can exert cytotoxic effects by activating pathways
generating reactive oxygen species, caspase activity, and damage to intracellular organelles.
Studies have shown that DNA nanostructures of different shapes are uptaken by scavenger
receptors via endocytic pathways (80, 98) and that the uptake depends on their size, shape,
compactness, aspect ratio, and the cell type exposed to them (80, 99). As 3D wireframe DNA
origami nanostructures with a negatively charged backbone, we anticipated the SC60H-nbGFP
remain relatively inert to cellular interactions owing to the negative membrane potential of cells.
According to our findings, SC60H-nbGFP demonstrated no cytotoxicity in PK15 cells up to 10 nM
concentrations, which is consistent with studies assessing /n vitro cytotoxicity of DO nanostructures,
including a wireframe 3D DNA icosahedron (~43 nm), a solid 3D octahedral half shell (~90 nm)
and a hollow 3D DNA triangle (~50 nm) (59, 89, 100). Although these studies did not test
cytotoxicity at DNA nanostructure concentrations > 10 nM, the cell viability dropped to ~80-90% at
150 nM in our study. We observed a similar effect with SC60H and M13 but not with nbGFP control
groups. This suggests that the observed cytotoxicity is due to the DNA component of the multivalent
assembly. However, since we did not independently investigate the cellular uptake of our DNA
nanostructures, we cannot confirm if the observed cytotoxicity resulted from the uptake of intact
DNA nanostructures or their degradation products over time (101). Furthermore, the cytotoxicity of
SC-nbGFP nanostructures may vary /in vivo, where they are more likely to encounter different cell
types, such as epithelial cells, endothelial cells, and immune cells, with different endocytosis

profiles.
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2.5.Conclusion

Viral infectious diseases are among the biggest threats to human health, including viruses we
know of now and future viruses that may spill over from animal reservoirs. We studied PRV because
it is a good model system for the HERPES complex 1 and 2 that impact humans and because it is
a virus that impacts the global food supply by limiting the swine industry. In particular, viruses such
as PRV and Herpes present a unique challenge in their treatment and prevention because they
tend to establish lifelong latent infections. So far, no antivirals have been developed for PRV, and
the only vaccine against the PRV Bartha strain seems ineffective at providing cross-genotype
immunity. These limitations underscore the need to develop new anti-PRV agents with antiviral
activity based on alternative mechanisms of action.

In response to the increasing need for new and improved antiviral drugs, the functionality of
multivalent interactions has been recognized in many therapeutic applications, including antiviral
interventions. In this chapter, using 3D DNA origami as a platform for the spatial presentation of
virus binders, we demonstrated the inhibition of PRV 486 viruses. Building on the fundamental
principle of multivalent interactions to enhance functional avidity, we demonstrated how it could be
leveraged to develop potent antiviral platforms by targeting non-essential virus domains. This study
is perhaps the first to explore and highlight the potential of non-essential virus domains to serve as
therapeutic targets, many of which remain conserved among viral families. Our strategy can be
implemented with other pathosystems and viral vectors to modulate infectivity with negligible impact
on the cells. This strategy can also be instrumental in targeting viral pathogens that are novel,
emerging, and understudied. Unlike rational design strategies to match spatial epitope patterns that
rely on extensive knowledge of the molecular nature of host-pathogen interactions, our strategy can
be implemented with limited information on the spatial distribution of virus epitopes and with non-
essential targets; many of which remain highly conserved among virus families. The SC60H-nbGFP
platform can be implemented to modulate the infectivity of other recombinant viruses expressing
GFP/pHIluorin domains, particularly in gene therapy studies that employ fluorescently tagged-AAV
and lentivirus systems. In addition, the SC scaffold can be adapted to include pre-characterized

virus binders such as virus-specific peptides, aptamers, nanobodies, and antibodies, with weak to
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moderate binding affinities but great pharmacodynamic/pharmacokinetic profiles to enhance their
virus binding avidity and inhibition efficacy. Furthermore, with the advancement of high-throughput
screening technologies such as /n vitro evolution of nucleic acids and microarrays for
carbohydrates, proteins, and peptides, it is possible to quickly identify candidate virus-specific
binders without requiring exhaustive virus structural characterization.

To establish this system as a proof-of-concept, additional work is needed to validate the
system in other pathosystems, starting with recombinant viral vectors with fluorescently tagged
envelope domains. Future implementations of this work should include investigations into
correlations between valency and stoichiometric binding ratios to identify minimum binder valency
to achieve maximal inhibition efficacy. It would also be helpful to examine underlying inhibition
mechanisms in relation to targeting non-essential viral domains. Since PRV is known to establish
latency with sub-clinical infection and sporadic activation, it would be interesting to know if such
antiviral platforms can help to reduce viral load after the onset of symptoms. Finally, to enhance
the therapeutic potential of such platforms, an in-depth analysis of stability, cytotoxicity, and

immunogenicity is essential. The ultimate test, of course, is validating safety and efficacy /n vivo.
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CHAPTER 3

Mechanistic studies of viral inhibition mediated by multivalent DNA origami scaffolding
nanostructures

3.1.Introduction

Multivalency is a ubiquitous phenomenon underlying several physiological and biochemical
processes like recognition, signaling, and self-organization. In multivalent systems, multiple
simultaneous interactions between ligands and receptors enhance the cumulative binding strength
and specificity, resulting in a functional cascading of successive events. For instance, in pathogenic
systems, multivalency drives the early events of infection when pathogens adhere to the target cell
surfaces, typically using low-affinity protein-carbohydrate interactions, and subsequently gain entry
into cells (1, 2). Therefore, blocking the early stages of infection, like attachment and entry of
viruses, can be an effective broad-spectrum antiviral strategy. The conventional approach
employing monovalent drugs often necessitates high doses to outcompete the higher binding
affinities of viruses to the multiple binding sites on cell surfaces, which is not feasible in vivo (3). In
comparison, a multivalent inhibitor can competitively bind to viruses and effectively suppress their
interactions with target cells.

However, leveraging multivalency to develop antiviral platforms is not a novel concept. The
conventional research landscape in developing multivalent inhibitors is based on scaffold materials,
including but not limited to natural/synthetic polymers, gold nanoparticles, proteins, and lipids. As
evidenced in many studies, the scaffold choice is crucial in determining the optimum platform
configurations, primarily by modulating the valency (4, 5), flexibility (6), and spacing between
ligands (7), as well as the overall bioavailability (5), stability (3), toxicity (8, 9), and immunogenicity
(9) of the assembled system. A rational design of multivalent inhibitors requires careful
consideration of the intrinsic affinity between the virus binding ligands and their receptors on the
virus surface, as well as the spatial patterning, density, and accessibility of those receptors (10,
11). Ligand architecture in multivalent systems can influence their functional efficacy by specifying

their collective binding modes. Hence, functional enhancements could result from more than one
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type of effect: higher binding avidity, steric shielding, receptor clustering, and statistical rebinding
(12).

In literature, systematic studies exploring the influence of architectural factors on the
strength of multivalent interactions are limited. However, there are a few isolated studies comparing
the effects of valency, flexibility, size, and composition on the inhibitory potential of multivalent
platforms and their physiological applicability. Studies demonstrating a size-dependent effect on
multivalent interactions have shown a higher degree of viral inhibition with inhibitor sizes slightly
smaller or similar to the virus (13, 14). This effect is attributable to contact area-dependent
enhancement of the virus-inhibitor binding, i.e., with a larger inhibitor, the contact area for
interaction also increases. Cryo-TEM studies revealed that inhibitors far smaller than viruses
decorated the viral surfaces but were not as effective in blocking virus adhesion to the cell surface.
In contrast, larger inhibitors competitively blocked virus-cell binding and formed virus-inhibitor
clusters, resulting in superior viral inhibition. Interestingly, the inhibition potential plateaued upon
further increasing the inhibitor size, i.e.,> virus, since it was not accompanied by an increase in the
contact area between the virus and nanoparticles (13). To further distinguish the effects of
multivalency and steric shielding on virus inhibition, Vonnemann et al. employed different sizes of
functionalized nanoparticles as virus decoys and investigated their interactions with multivalent
ligands based on ligand/receptor pairs with strong and weak binding (15). Using a modified Cheng-
Prusoff’'s equation to account for multivalency and steric shielding, the ICso was calculated based
on the equation: ICso = Kgm!i + 0.5P[B], where Kqm™U'i is the dissociation constant of the multivalent
inhibitor, P is the number of inhibitors required to shield the nanoparticle sterically, and [B] is the
virus/nanoparticle concentration. As demonstrated previously, K¢™ exponentially depends on the
contact area, and the contribution of steric shielding to ICso is only noticeable if all inhibitors are
bound to the virus. For larger inhibitors, Kq™!i is far below the virus concentrations typically
encountered in body fluids, and as such, steric shielding predominates over multivalency. Based
on their analyses, globular inhibitors smaller than the pathogen size are favorable for optimal

competitive inhibition in most cases.
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Similarly studies investigating the effect of valency on inhibition efficacy of multivalent
platforms have underscored the importance of balancing ligand valency with inter-ligand spacing
to match the receptor topology unique to target viruses (4, 5, 7). The concept of a higher valency
enhancing binding affinities and improving pathogen inhibition holds as long as the valency does
not impose any entropic or conformational penalties on pathogen binding. Other factors most likely
work in conjunction with valency to modulate multivalent interactions. For instance, a maximum
inhibition (~80%) of IAV infection was achieved with 50 nm SA-conjugated nanogels with only 12%
ligand density (14). Another study showed a 90% maximum inhibition of IAV infection with 18 nm
and 28 nm antiviral peptide-conjugated polymers with just 9% and 10% ligand functionalization,
respectively (5). In this section, we have only considered studies modulating ligand valency using
scaffolds of the same size. A study investigating structure-independent designs of multivalent
inhibitors for pseudotyped Ebola viruses with a statistical distribution of mannose ligands on
glycofullerene scaffolds (size ~ < 4 nm) showed a loss of inhibitory potential upon increasing the
ligand valency from n = 12 to n = 36 (16). Similarly, complete loss of inhibition potential was
observed upon increasing the ligand valency from 20 to 40 with 6'-sialyllactose ligands on
polyamidoamine (6SL-PAMAM) dendrimer scaffolds (size = 4.5 nm) to inhibit IAV infection (4). In
both of these studies, a higher valency resulted in penalties associated with crowding and steric
hindrance between sugar residues, preventing their access to target receptors. As such, in the
study with the pseudotyped Ebola viruses, the inhibition potential was rescued with n = 36 valency
by incorporating longer spacers that enhanced access of the ligands to their receptors. In the study
with 6SL-PAMAM inhibitors, the authors were able to modulate ICso by manipulating the spacing
between 6SL ligands. The authors demonstrated higher inhibition efficacies at lower ligand
densities with inter-ligand spacings closely mimicking the HA trimer patterning on the IAV envelope.

With advances in structure-based designs, some studies have adopted a more rational
approach to designing multivalent inhibitors with ligand placement precisely matching their
corresponding receptor patterning on viral surfaces resulting in optimal binding and enhanced IC50
concentrations (6, 7, 17, 18). An early example in the series of such studies includes the trivalent
inhibitor comprising /n silico-designed SA ligands on alkylated peptide backbones with an aromatic
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core that demonstrated a 4000-fold increase in binding affinity for H5 of avian influenza (6). The
rigid peptide backbone resulted in a reduced entropic loss from conformational flexibility during
binding, and flexible alkyl side chains flanking the peptide region compensated for a non-perfect
steric match between the ligands and receptors. Another study revealed the limitations of PEG-
based flexible backbone as opposed to DNA-based rigid backbone in bivalent interactions between
distance-matched SA-based ligands and HA trimers on IAV surface (7). A rational design strategy
was adopted to develop planar pentavalent, octavalent and decavalent inhibitors mimicking the
receptor topology to inhibit bacterial toxins like cholera and Shiga (19-22). In the first of its kind of
studies using DNA scaffolds, a decavalent 2D star-shaped nanostructure displaying pattern-
matched aptamers targeting Dengue virus epitopes was recently developed. The bifunctional
device primarily acted as a virus sensor with a comparable limit of detection (LoD) as that of gold-
standard ELISA and RT-qPCR-based techniques and as an inhibitor with an ICso value in the lower
nanomolar range (17).

All these studies show that structure-based multivalent designs facilitate an intelligent way
to manipulate different factors such as valency, flexibility, and spatial patterning of ligands to
achieve optimum inhibition with minimum ligand redundancy. However, this approach requires
nanometer-scale resolution of the molecular nature of host-pathogen interactions. Unfortunately,
such information may not always be readily available, particularly for the novel, emerging, evolving,
and understudied pathogens. Under such circumstances, an effective technical approach would be
to select modular multivalent designs that can be easily adapted to incorporate different ligand
types and manipulate ligand valencies, densities, and patterning. As discussed in the sections
above, structure-dependent and -independent studies investigating multivalent inhibitors have
generally employed protein, polymer, or particle scaffolds with limited modularity, programmability,
and adaptability. In addition, the challenges associated with the synthesis, scalability, and
biocompatibility of these scaffolds remain largely unresolved.

In this work, we investigate the mechanisms underlying viral inhibition by 3D DNA origami-
based multivalent scaffolds targeting non-essential viral domains by exploiting the programmability

and modularity of DNA nanostructures. Previously, we developed SC60H-nbGFP, a ~60 nm 3D
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DNA origami-based nano-platform to display multiple protein-based virus binding domains, which
we refer to as ‘binders’. We functionalized the snub cube (SC) scaffold by conjugating 60 copies of
GFP nanobodies (nbGFP) binders to target pHIuorin domains tagged onto envelope gM of the
recombinant Pseudorabies virus (PRV) 486. We demonstrated the superior ability of the assembled
nanoconstruct, SC60H-nbGF, to sense and inhibit PRV 486 in a dose-dependent manner with an
ICs0 of ~3 nM. In this work, we use the SC scaffolds to systematically probe the effect of ligand
type, valency, and flexibility in relation to their binding modes with the viruses and offer preliminary
data suggesting an interplay between avidity and obstruction of virus internalization as the
predominant inhibition mechanisms. In addition, as a testament to the biocompatibility of DNA, we

assess the stability of the nanostructures in physiologically relevant conditions.

3.2.Results

3.2.1. Design, assembly, and characterization of SC-nbGFP nanostructures with different valency
SC is a 3D wireframe Archimedean structure with 6 squares and 12 triangles making up its 60
edges. Cryo-EM analyses in the original SC paper revealed that SC has a ~60 nm diameter with
~20 nm long edges (23). In the previous chapter, we described the design and synthesis of the
SC60H-nbGFP nanoconstruct, in which we functionalized SC to present 60 copies of nbGFP.
SC60H-nbGFP presented the maximum valency we could get considering a 1-to-1 stoichiometry of
conjugating virus binders to the edges of the wireframe scaffold. Furthermore, it is designed to
present an even distribution of nbGFP across the surface of the SC scaffold, which we opted for,
considering the limited information available on the precise spatial distributions and protein
structures of PRV envelope glycoproteins.

We systematically investigated the effect of valency on PRV 486 inhibition by incorporating
lower valencies of nbGFP bioconjugation sites across the surface of the SC. We used the Tiamat
program to design candidate DO nanostructures based on our previous design of SC60H-nbGFP
(Williams et al. 2009). We modified the SC design to incorporate four different valencies, including
n=1,n=12,n=24,and n = 36, in addition to our previous design with n = 60. For n = 60, we used
all 6 square and 12 triangle edges for bioconjugation, giving 24 square handles (24SH) and 36
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triangle handles (36TH). We modified the sequences of edge strands to include ssDNA overhangs
that can be conjugated with complementary ssDNA attached to nbGFP via a benzyl guanine (BG)
linker. For n = 36, we used all 12 triangle edges in SC, giving 36 triangle handles (36TH) for
bioconjugation. Similarly, for n = 24, we used all 6 square edges in SC, giving 24 square handles
(24SH) for bioconjugation. For n = 12, we used two opposite edges of each of the 6 squares in SC,
giving 12 square handles (12SH) for bioconjugation. Finally, for n = 1, we used only 1 edge of 1

square in SC, giving 1 square handle (1SH) for bioconjugation.

Fig. 1| Tiamat simulation of the snub cube (SC) 3D DNA origami nanostructure of different
valencies.

The assembly of SC-nbGFP with different valencies followed the same protocol described
in the previous chapter. It was accomplished in three steps: i) synthesis of SC scaffolds with
different valencies (n=1, 12, 24, 36, and 60), ii) incorporation of complementary strands conjugated
to benzyl guanine linkers into the SC nanostructures, and iii) conjugation of nbGFP to the linker
strands-attached SC nanostructures. The synthesis was carried out in individual one-pot reactions

with M13mp18 ssDNA and a ten-fold molar excess of staple strands corresponding to the different
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valencies of the SC-nbGFP and in the presence of Mg?* salt. We maintained a 12.5 mM Mg?*
concentration throughout all preparation and purification steps to retain the structural integrity of
the 3D DNA nanostructures. We characterized the formation of SC, SC-BG-DNA, and SC-nbGFP
of different valencies after each step using 1% agarose gel electrophoresis (AGE). We quantified
the yield of the assembled SC-nbGFP by measuring their DNA concentrations.

The gel shift assay showed distinct bands, validating the formation of DO nanostructures
(Fig. 2). The reduced electrophoretic mobility of bands aligned with their relatively increasing
molecular weights, confirming the correct formation of nanostructures after each synthesis step. As
expected, within each valency group of the nanostructure assembly, the final SC-nbGFP were the
heaviest nanostructures showing the lowest mobility in AGE, followed by SC-BG-DNA intermediate
nanostructures with the complementary ssDNA attached to the BG-linker and finally by the SC
constructs with the number of handle strands corresponding to their specific valency. Similarly,
comparing different valency groups, the electrophoretic mobility decreased with increasing valency
of SC, SC-BG-DNA, and SC-nbGFP nanostructures, further confirming the formation of

nanostructures with their corresponding valencies.
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Fig. 2| Characterization of SC-nbGFP of different valencies. The gel shift assay with 1% AGE shows
the successive formation of SC, SC-BG-DNA, and SC-nbGFP nanostructures with valency, n = 1,
12, 24, 36, and 60. The red dotted lines are shown as references to compare the electrophoretic
mobility of different nanostructures.

3.2.2. Phase [: Effect of valency on virus inhibition

In the previous chapter, we demonstrated the dose-dependent inhibition of PRV 486 with SC60H-
nbGFP with an ICso of ~3 nM. Here, we analyzed the impact of SC-nbGFP valency on PRV 486
inhibition in two distinct phases. In the first phase, we compared two valencies in the lower range,
including n = 1 and n = 12 with n = 60. SC12H-nbGFP and SC60H-nbGFP present 12-fold and 60-
fold higher copy numbers of nbGFP, respectively, compared to SC1H-nbGFP.

First, we performed a semi-quantitative ELISA assay to assess the effect of modulating valency on
virus binding. We coated 96-well ELISA plates with PRV 486 and incubated different concentrations
of nbGFP, SC1H-nbGFP, SC12H-nbGFP, and SC60H-nbGFP. We quantified the extent of binding

of nbGFP and SC-nbGFP using an orthogonal nbGFP-specific reporter antibody coupled to
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horseradish peroxidase. Residual nbGFP and SC-nbGFP bound to the wells were detected by
HRP-catalyzed colorimetric reaction upon adding TMB substrate.

Once again, the data from the ELISA binding assay are normalized to reflect specific
binding values (Fig. 3A). We used an anti-GFP antibody (AbGFP) as a positive control for nbGFP
and all SC-nbGFP nanostructures. Similar to our previous observations, all constructs showed
concentration-dependent changes in virus binding and their corresponding absorbance values,
suggesting their specific binding activities. Since we used semi-purified virus stocks, we could not
quantify the absolute binding affinities using this assay. However, the approximate Ko showed a
90-fold and a 150-fold enhancement in binding affinity of SC12H-nbGFP and SC60H-nbGFP,
respectively, over SC1H-nbGFP (Fig. 3B). Similar to the monomeric nbGFP, the binding curve of
SC1H-nbGFP, with a single nbGFP on the SC, also exhibited poor binding throughout the range of
concentrations tested. However, multimerization of nbGFP onto SC enhanced the cumulative
binding strength of SC-nbGFP nanostructures. We observed a monotonic increase in binding
affinities with rising valency of SC-nbGFP as reflected by the relative Kp ~2.2 nM for SC1H-nbGFP,

Kb ~24 pM for SC12H-nbGFP and Kp ~14 pM for SC60H-nbGFP.
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Fig. 3] Modulating valency in Phase | showed enhancement of binding affinities with increasing
valency of SC-nbGFP. A, Representative ELISA binding curves of PRV 486 to SC-nbGFP of
valency, n = 1, 12, and 60. Absorbance values resulting from non-specific interactions without the
virus were subtracted. Data are presented as the average of two technical replicates. B,
Approximate binding affinities (Kpo) of SC1H-nbGFP, SC12H-nbGFP, and SC60H-nbGFP were
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determined using non-linear regression analysis from the ELISA data. Data are presented as the
average of two technical replicates.

Next, to investigate the effect of modulating valency on virus inhibition, we performed dose-
response analyses by incubating PRV 486 with increasing concentrations of SC1H-nbGFP,
SC12H-nbGFP, and SC60H-nbGFP. The virus and inhibitor cocktails were used to infect PK15
cells, and the residual infectivity was analyzed using flow cytometry as opposed to plaque reduction
assays that we used previously. Since PRV 486 is tagged with pHluorin, the virus-infected cells
become pHluorin positive as well; therefore, PRV 486 infectivity can be quantified as the
percentage of pHIluorin-positive cells within a given cell population (Fig. 4A). The group infected
with PRV 486 alone was used to normalize the data of virus infectivity for all other groups treated
with the multivalent nanostructures or their components.

As expected, SC without nbGFP and nbGFP alone failed to inhibit the virus (Fig. 4D). In
contrast, SC-nbGFP constructs of all three valencies showed dose-dependent inhibition of the virus
with exceptional half-maximal inhibitory concentration (ICso) values, where a lower [Cso
demonstrates a more potent inhibition (Fig. 4B). The inhibition efficacies increased monotonically
with the rising valency of SC-nbGFP nanostructures, which positively correlates with their
corresponding binding affinities (Fig. 4B). Non-linear regression analyses on the dose-response
inhibition curves demonstrated the 1Cso values of 150 nM for SC1H-nbGFP, 38 nM for SC12H-
nbGFP and 1.4 nM for SC60H-nbGFP. SC60H-nbGFP enhanced virus inhibition by 27-fold
compared to SC12H-nbGFP and by 107-fold compared to SC1H-nbGFP (Fig. 4C). These results,
together with our data from phase |, demonstrate the prospect of enhancing the therapeutic
potential of SC-nbGFP nanostructures by modulating their valency. The avidity of having multiple
nbGFP/SC enhances binding and enables higher potency inhibitory properties. However, a valency
of one nbGFP/SC suggests that the platform does not simply function by increasing avidity, but
instead, the presence of SC, or rather the ‘tagging’ of PRV with a single SC, is the primary driver of

the antiviral properties, as nbGFP demonstrates no antiviral activity itself.
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Fig. 4] Modulating valency in Phase | showed enhancement of PRV 486 inhibition with increasing
valency of SC-nbGFP. A, Schematic illustrating the experimental design to assess PRV 486
infectivity after treatment with SC-nbGFP nanostructures. B, Dose-dependent, plaque-reduction
inhibition curves for PRV 486 incubated with SC-nbGFP nanostructures of valency, n =1, 12, and
60. Inhibitor concentration was standardized through DNA concentration. Data are presented as

mean *

S.E.M., N = 3 biologically independent experiments. C, A comparison of half-maximal

inhibitory concentration dosage (ICso) calculated using non-linear regression analysis. D, Dose-
dependent plaque-reduction inhibition curves for PRV 486 incubated with only SC scaffolds. E,
Dose-dependent plaque-reduction inhibition curves for PRV 486 incubated with unconjugated (UC)
SC and nbGFP. Data are presented as mean + S.E.M., N = 3 biologically independent experiments.
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3.2.3. Phase II: Effect of higher valencies on virus inhibition

In the second phase, we compared two valencies in the higher range with SC60H-nbGFP, including
SC24H-nbGFP and SC36H-nbGFP. We incubated PRV 486 with increasing concentrations of
SC24H-nbGFP, SC36H-nbGFP, and SC60H-nbGFP. We analyzed the residual infectivity using
plague reduction assays on PK15 cells. As controls, we tested the inhibition of the virus by their
corresponding scaffolds without nbGFP and with just nbGFP alone.

SC-nbGFP constructs of all three valencies showed dose-dependent inhibition of the virus
with exceptional half-maximal inhibitory concentration (ICso) values, where a lower [Cso
demonstrates a more potent inhibition (Fig. 5A). Non-linear regression analyses on the dose-
response inhibition curves revealed the ICso values for SC24H-nbGFP, SC36H-nbGFP, and
SC60H-nbGFP to be approximately 49 nM, 47 nM, and 65 nM, respectively (Fig. 5B). 60H and 36H
are 2.5-fold and 1.5-fold higher than 24H, respectively. The change in valency was not drastic
between the three valencies we tested in this phase, and we found their corresponding ICso values
to be comparatively similar. Interestingly, the data suggested a plateauing effect on ICso upon
increasing the valency of SC-nbGFP from 24 to 36 or 60, which can be advantageous for the
pharmacological profile of the multivalent inhibitor. Thus, all three SC-nbGFP nanostructures

showed exceptional PRV 486 inhibition efficacies.
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Fig. 5| Modulating SC-nbGFP valency in Phase Il showed a plateauing effect of increasing valency
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24, 36, and 60. Inhibitor concentration was standardized through DNA concentration. Data are
presented as mean £ S.E.M., N = 2 biologically independent experiments. B, A comparison of half-
maximal inhibitory concentration dosage (ICso). Data are presented as mean + S.E.M., N = 2
biologically independent experiments.

3.2.4. Mechanism of inhibition

The biology of PRV shows that it initiates infection by adhering to target cells and then internalizing
into the cytoplasm via membrane fusion. Since we are targeting pHIuorin domains located outside
PRV 486 envelope using SC-nbGFP and SP-aptGFP nanostructures, we anticipated that the
multivalent interactions would obstruct the entry events of PRV particles resulting in their reduced
attachment and internalization. For spherically inclined scaffolds, antiviral studies based on
multivalent interactions have primarily identified two different mechanisms depending on the size
and the spatial distribution of binders (Fig 8A). First, multivalent nanostructures similar to the virus
size or slightly smaller than the virus can aggregate virus particles by forming virus and inhibitor
clusters (13). This will depend on the size of the contact area of binding/interactions between the
virus and the multivalent inhibitor. Aggregating viruses can reduce their Brownian motion and may
also trigger other pathways of immune clearance in the physiological environment (24). Second,
suppose virus particles are much larger than the inhibitor. In that case, the inhibitors will likely
decorate the virus surface, sterically shielding them from adhering onto cells and interacting with
cell surface receptors. The virus concentration also influences these mechanisms since the
collision rate between virus-virus and virus-inhibitor particles largely depends on their local
concentration. As such, the interplay of different factors governs if either or both mechanisms are
likely to interfere with the virus infection cycle.

To investigate if SC-nbGFP nanostructures are aggregating PRV 486 particles, we
analyzed the particle size distribution of viruses incubated with the multivalent nanostructures using
nanosight (Fig 6A). As controls, we incubated viruses with SC (scaffold without the binders) and
with nbGFP alone (binders without scaffold). For reference, PRV has a diameter of ~200 nm. The
nanosight data we collected confirmed the size of PRV. In comparison, all the other groups also
showed a uniform size distribution of ~200 nm, indicating the absence of formation of higher-order

structures (Fig. 6B). Our studies of valency found that only one nbGFP per SC was sufficient to
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produce antiviral effects. This suggests that a) not all binding sites on the virus are saturated since
the size of SC would likely sterically block access from other SC-nbGFP and b) crosslinking
interactions between two or more viral particles mediated by the SC are not a critical feature of the
inhibition mechanism. These pieces of data provide strong evidence that SC-nbGFP does not
function through the aggregation of PRV. It also provides supporting evidence that SC-nbGFP does

not function by blocking all targeted PRV surface epitopes.
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Fig 6] Characterization of different binding modes SC-nbGFP and PRV 486 interactions. A,
Schematic illustrating different binding modes of PRV 486 with multivalent inhibitors like SC-
nbGFP. Left: Inhibitors can aggregate virus particles by forming a network of viruses and inhibitors,
slowing down their mobility. Middle: Inhibitors can decorate virus surface, effectively blocking them
from interacting with cell surface attachment factors or receptors. Right: A one-to-one stoichiometry
of binding that can increase the molecular weight of the viruses and slow down their mobility. B,
Nanoparticle tracking analyses showing the particle size distributions of PRV 486 particles
incubated with SC-nbGFP and components. The uniform size distributions indicate the absence of
virus aggregation. PRV 486 is ~200 nm, and SC-nbGFP is ~60 nm.

To further assess whether SC-nbGFP exhibits antiviral activity by blocking all PRV surface
epitopes, we performed time-lapsed live-cell imaging to track the early events of virus infection in
real-time. To this end, we used PRV 483, a different recombinant strain expressing pHIluorin on the
virus envelope, and RFP on the virus capsid (Fig. 7A). Infectious PRV 483 particles can be seen
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as colocalized green and red puncta at neutral pH using fluorescence microscopy. Using this strain,
we could track the virus particles during their attachment phase by following the colocalized green
and red puncta and after their internalization by following the red capsids (Fig. 7B). If SC-nbGFP
blocks all viral epitopes, we anticipate that PRV will not attach to cells. If SC-nbGFP disrupts the
internalization step, we anticipate seeing PRV attach to cells, but the green and red puncta arrested
on the plasma membrane. We analyzed the RFP to GFP ratio at different time points to measure
the proportion of virus internalized into the cells. If virus internalization is undisturbed, a high RFP
to GFP ratio would indicate the increasing accumulation of virus capsids inside the cells. In contrast,
under conditions that obstruct the virus internalization, a low RFP to GFP ratio would mean a
smaller number of virus capsids inside the cells. Our analyses showed a lower RFP to GFP ratio
for virus particles incubated with SC-nbGFP nanostructures compared to the control group with
untreated virus particles (Fig. 7C). This indicates that the binding interactions between SC-nbGFP
and PRV 483 particles do not block viral attachment but does appear to prevent the release of RFP-

tagged virus capsids into the cells, effectively lowering the infectivity of the virus.
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Fig. 7] Mechanism of inhibition. A, Schematic illustrating the pHluorin-tagged virus envelopes of
PRV 486 and PRV 483 and RFP-tagged capsid of PRV 483. B, Schematic showing the early entry
events of PRV comprising attachment followed by membrane fusion and internalization of virus
capsids inside the cytoplasm. C, Colocalization coefficient showing the proportion of infectious virus
with colocalized RFP and GFP puncta on the cell membrane. D, Ratio of intracellular RFP puncta
to cell membrane-bound pHIluorin puncta in cells infected with PRV 483 treated with SC-nbGFP.
Cells infected with untreated viruses are used as the control group. Data were analyzed from ~60
cells from three fields of view. Data are presented as mean = S.E.M.

3.2.5. Adapting SC scaffold to incorporate GFP aptamer binders

The unique property of DNA to be conjugated with different biomolecules (protein, peptides, nucleic
acids), fluorophores, and inorganic particles enriches the functional diversity of DNA-based nano-
enabled platforms. Previously, we demonstrated the exceptional ability of SC-nbGFP to inhibit PRV
486 by functionalizing SC with multiple copies of nbGFP-binders. Here, we used SC to incorporate
aptamer binders to probe the PRV 486 pathosystem to illustrate the adaptability of DNA-based

scaffolds.

A. Design, synthesis, and characterization of GFP aptamers to target PRV 486
Since EGFP and pHluorin share a ~96% amino acid sequence similarity, we anticipated that GFP-
binding aptamers would also bind to pHIuorin domains. We derived the GFP aptamer (aptGFP)
sequence from a previously published study (25) and modified it to get two different designs. We
added a 5’ extension of 20-nucleotides to the aptamer sequences to enable the conjugation to the
SC DNA origami nanostructures. The extension was complementary to the ss overhangs of SC
edges. Furthermore, to independently assess the impact of binder flexibility on virus inhibition, we
modified the second design to include a flexible 20-nucleotide ssRNA spacer between the SC
docking region and the aptamer region (Fig 8A). We termed the first design without the flexible
spacer as aptGFP and the second design with the flexible spacer as flex-aptGFP. The RNA
aptamers were produced by T7 transcription /n vitro from their corresponding DNA templates and

further characterized using an 8% non-denaturing polyacrylamide gel electrophoresis (PAGE) (Fig
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8B). Both aptGFP and flex-aptGFP bands aligned with their corresponding molecular weights of
116 and 136 bases, respectively.
B. Characterization of binding interactions between GFP aptamers and PRV 486

Before conjugating the aptamer sequences to SC, we used a semi-quantitative ELISA assay to
confirm that the aptamers could bind to PRV 486 specifically (Fig 8C). For this assay, we hybridized
a biotin-tagged 20-nucleotide ssDNA with the aptamers. The biotin linker was complementary to
the SC docking region of the aptamer sequences. Next, we coated 96-well ELISA plates with PRV
486 and incubated biotin-tagged aptGFP and flex-aptGFP individually at concentrations ranging
from 10 pM to 1 uM. The virus-bound aptamers were detected with an anti-streptavidin horseradish
peroxidase that catalyzed a colorimetric reaction upon adding TMB substrate. The data from the
ELISA binding assay are normalized to reflect specific binding values (Fig. 5D). Both aptamers
demonstrated dose-dependent binding with the virus and similar binding curves, confirming their

specificity for pHluorin domains.
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Fig. 8| Characterization of GFP aptamers. A, Top panel: Nupack simulation of aptGFP and flex-
aptGFP at 25 °C. Bottom panel: Schematic illustrating the SC docking region, flexible spacer region,
and the virus-binding aptamer region of aptGFP and flex-aptGFP. B, Characterization of aptGFP
and flex-aptGFP and their corresponding DNA templates using non-denaturing PAGE. C,
Representative ELISA binding curves of PRV 486 to aptGFP and flex-aptGFP. Absorbance values
resulting from non-specific interactions without the virus were subtracted. Data are presented as
the average of two technical replicates.

C. Design, assembly, and characterization of SC-aptGFP and SC-flex-aptGFP platforms
To investigate the effect of valency and binder flexibility on PRV 486 inhibition, we designed two
groups (one with the flexible spacer and the other without the flexible spacer), each with three
different valencies (n = 24, 36, and 60). We modified the strands making up the SC edges to include
ssDNA overhangs that can be conjugated with complementary ssRNA attached to the GFP aptamer
with or without the flexible spacer. The modifications to SC design to incorporate 24, 36, and 60
handles have been described previously.

The assembly of SC-aptGFP and SC-flex-aptGFP with different valencies was performed
in two steps: i) synthesis of SC scaffolds with different valencies (n = 24, 36, and 60), ii) hybridization
of GFP aptamers to the ssDNA overhangs of SC. The SC synthesis was carried out in individual
one-pot reactions with M13mp18 ssDNA and a ten-fold molar excess of staple strands
corresponding to the different valencies and in the presence of Mg2+ salt. We maintained a 12.5
mM Mg?* concentration throughout all preparation and purification steps to retain the structural
integrity of the 3D DNA nanostructures. We characterized the formation of SC, SC-aptGFP, and
SC-flex-aptGFP of different valencies using 1% agarose gel electrophoresis (AGE) (Fig. 5E). We
quantified the yield of the assembled nanostructures by measuring their DNA concentrations.

The gel shift assay showed distinct bands, validating the formation of DO nanostructures. In
addition, the reduced electrophoretic mobility of the bands aligned with their relatively increasing
molecular weights after each synthesis step, confirming the correct formation of nanostructures
after each synthesis step. As expected, within each valency group of the nanostructure assembly,
the final SC-aptGFP or SC-flex-aptGFP were the heaviest nanostructures showing the least
mobility in AGE, followed by the SC constructs with the number of handle strands corresponding to

their specific valency. Similarly, comparing different valency groups, the electrophoretic mobility
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decreased with increasing valency of SC, SC-aptGFP, and SC-flex-aptGFP nanostructures, further

confirming the formation of nanostructures with their corresponding valencies.
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Fig. 9] Characterization of SC-aptGFP and SC-flex-aptGFP of different valencies. The gel shift
assay with 1% AGE shows the successive formation of the respective nanostructures labeled in
orange on top of each lane. The red dotted lines are shown as references to compare the
electrophoretic mobility of different nanostructures.

3.2.6. Virus inhibition by SC-aptGFP and the effect of binder flexibility

Previously, we demonstrated the dose-dependent inhibition of PRV 486 by SC-nbGFP multivalent
nanostructures and the plateauing effect of IC50 with increasing valency > n = 24. Here to illustrate
the modularity of SC scaffolds and the impact of binder flexibility, we investigated the inhibition of
PRV 486 by SC conjugated to GFP aptamers with and without flexible spacers. We performed
dose-response analyses by incubating PRV 486 with increasing concentrations of three different
valencies of SC-aptGFP and SC-flex-aptGFP nanostructures. The virus and inhibitor cocktails were
used to infect PK15 cells, and the residual infectivity was determined using flow cytometry. Since
PRV 486 is tagged with pHluorin, the virus-infected cells become pHluorin positive as well;
therefore, PRV 486 infectivity can be quantified as the percentage of pHIuorin-positive cells within
a given cell population. The group infected with PRV 486 alone was used to normalize the data of
virus infectivity for all other groups treated with the multivalent nanostructures or their components.
SC-aptGFP and SC-flex-aptGFP demonstrated poor inhibition of PRV 486 in comparison to SC-
nbGFP, with ICso values ranging from 180 nM to 220 nM for SC-aptGFP and from 300 nM to 570
nM for SC-flex-aptGFP (Fig 6). SC-aptGFP without the flexible spacer provided better inhibition at
all three valencies. Unlike nbGFP, which showed no inhibition at molar equivalent concentrations

of SC-nbGFP nanostructures, monomeric aptGFP and flex-aptGFP showed comparable PRV 486
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inhibitions at molar equivalent concentrations. Despite the poor therapeutic potential of SC-aptGFP
and SC-flex-aptGFP nanostructures, these data demonstrate the modularity of SC to be conjugated
with different binders for rapid screening, identification, and modulation of binders for multivalent

antiviral platforms.
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Fig. 10| Conjugation of aptamers to SC enhances PRV inhibition across all valencies. Dose-
dependent, plaque-reduction inhibition curves for SC-aptGFP (top) and SC-flex-aptGFP (bottom).
Inhibitor concentration was standardized through DNA concentration. Data are presented as mean
+ S.E.M., N = 2 biologically independent experiments.

3.2.7. Serum stability of SC nanostructures

The structural integrity of 3D DNA origami nanostructures relies on a minimum concentration (~5 -
20 mM) of cations like Mg?* to stabilize the negative charge-repulsive forces imparted by their
nucleic acid phosphodiester backbone (26). We maintained a 12.5 mM concentration of Mg?*
throughout the synthesis and purification of SC and SC-associated nanostructures. This

concentration is one order of magnitude higher than the physiological concentration found in the
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human body, which is ~0.7 - 1 mM (27, 28). Previous studies have reported the loss of structural
integrity of DNA nanostructures in cation-depleted-cell culture media, which could affect their
functional efficacies (29). Furthermore, serum in physiological conditions can degrade DONs by the
nuclease activity of DNA-degrading enzymes and proteins.

To characterize the physiological compatibility of SC-nbGFP and SC-aptGFP
nanostructures, we evaluated their stability in cell culture media with different FBS concentrations.
We incubated SC-nbGFP, SC-aptGFP and SC-flex-aptGFP nanostructures of different valencies
in 0%, 2% and 10% FBS media for up to 8 h and assessed them on 1% AGE. The M13mp18 DNA
was used as a control group. For SC-nbGFP, the presence of distinct bands revealed maintenance
of structural integrity before and after 1 h, 2 h, and 8 h incubation in 0%, 2%, and 10% FBS.
However, the reduced intensity of bands with increasing incubation time, particularly with 10% FBS

media, indicated some degradation (Fig 11).
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Fig. 11| Serum stability of SC-nbGFP nanostructures. 1% AGE analysis of SC-nbGFP
nanostructures incubated in DMEM supplemented with FBS (0%, 2%, and 10%) for up to 8 h. L
stands for 1 kb molecular weight ladder. The valency of SC-nbGFP is highlighted in red on top of
each lane. M13mp18 is used as a positive control, which shows progressive degradation with
increasing FBS strength and incubation time. Compared to the control group, other SC-nbGFP
nanostructures are more stable. However, the reduced intensity of SC-nbGFP bands over time and
with increasing FBS strength indicate some degree of degradation.

3.3.Discussion
One of the biggest challenges with multivalent inhibitors is developing scaffolds that allow
precise spatiotemporal control of ligands. Structural DNA nanotechnology offers unprecedented

addressability with sub-nanometer precision and accuracy to develop highly programmable 2D and
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3D nanostructures that can be conjugated with diverse functional domains to probe viral
pathosystems for diagnostic and therapeutic purposes. Previously, we developed SC60H-nbGFP,
a 3D wireframe DNA origami-based multivalent platform presenting 60 copies of anti-GFP
nanobody (nbGFP) binders on the snub cube (SC) scaffold to inhibit Pseudorabies virus (PRV) 486
infection. This chapter delved into mechanistic studies to manipulate and understand how the
nanoscale spatial organization of virus binders modulates virus inhibition. To this end, we analyzed
the particle size distributions of virus particles treated with SC-nbGFP nanostructures to get an
insight into the binding modes between them. To understand the impact of valency, we varied the
number of SC conjugation sites to display distinct nbGFP copy numbers that can interact with PRV
486. And finally, to understand any potential interferences that SC-nbGFP might have in the virus
entry processes, we tracked the early events of virus attachment and internalization. Our findings
suggest that while multivalency enhances the collective binding affinity (avidity) of the SC-nbGFP
nanostructures, which also correlates with the enhancement of their inhibition efficacies, it may not
be the only factor driving the switch of nbGFP from a non-inhibitor to a more potent one upon
conjugation to the SC scaffold. Rather, the tagging of virus particles with the SC scaffold via nbGFP
interferes with the initiation of viral infection by likely obstructing the internalization of the virus
particles into target cells.

Previously, we reported a medium binding affinity of the monomeric nbGFP to PRV 486
(Ko ~24 nM). Based on our ELISA data, upon increasing the valency of SC-nbGFP, the relative Kp
dropped to 24 pM for SC12H-nbGFP and 12 pM for SC60H-nbGFP. With SC1H-nbGFP, since the
range of concentrations we tested fell below the saturation point on the ELISA binding curve, we
could not compare its binding affinity with the other groups. However, the avidities of other groups
showed an enhancement in virus binding by an approximate factor of 1000 and 2000 with SC12H-
nbGFP and SC60H-nbGFP, respectively, compared to the monomeric nbGFP (Fig. 3). This
enhancement of binding affinity upon increasing the valency of SC-nbGFP is consistent with
previous studies using multivalent frameworks for virus binding (5, 6, 30, 31). Despite the limited
knowledge of the gM spatial distribution on the PRV envelope, our data suggest an oligomeric (and

potentially uniform) distribution, characteristic of many glycoproteins on the surface of bacterial and
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viral pathogens (32, 33). The interactions of individual gM and nbGFP domains resulted in multiple
simultaneous complexation events leading to high functional avidities of the multivalent assemblies.

To further understand the effect of multivalency on virus inhibition, we performed end-point
infectivity assays using the standard plaque reduction assays and the orthogonal flow cytometry-
based assays to measure the residual infectivity of viruses treated with the multivalent
nanostructures. Since PRV 486 expresses pHluorin, the virus-infected cells become pHluorin
positive as well; therefore, PRV 486 infectivity can be quantified as the percentage of pHluorin-
positive cells within a given cell population (Fig. 4A). Virus inhibition was negligible with monomeric
nbGFP and with SC scaffolds, for all the valencies we tested. On the other hand, all the SC-nbGFP
conjugates, including the monovalent SC1H-nbGFP and the multivalent SC12H-nbGFP and
SC60H-nbGFP nanostructures, inhibited PRV 486 infection, with ICso corresponding to 150 nM, 38
nM, and 1.4 nM, respectively. The ICso of SC60H-nbGFP obtained using flow cytometry in this work
is similar to the previously obtained using plaque assay (~3 nM). Our findings indicate a positive
correlation between Kp and ICso of the SC-nbGFP nanostructures, such that increasing valency
enhances the binding avidity that effectively translates into a more potent virus inhibition. Our study
complements numerous other works with multivalent inhibitors in this aspect (5, 6, 16). Interestingly,
unlike the monomeric nbGFP that failed to inhibit the virus at concentrations as high as 50 pM, the
monovalent SC1H-nbGFP inhibited PRV 486 at 150 nM, the highest DNA concentration of SC-
nbGFP we tested. This observation indicates that although avidity is a key to enhancing the
inhibition efficacies of SC-nbGFP nanostructures, it is not (solely) responsible for the switch of
nbGFP from a non-inhibitor to a potential one. Instead, the inhibitory effects are indirectly triggered
upon conjugation of nbGFP to the SC scaffold. Furthermore, we identified a valency of 24 or more
to achieve maximal inhibition efficiency with an almost plateauing effect on ICso with n > 24. This
could probably be related to ligand redundancy on SC scaffolds such that a higher number of
nbGFP binders than the gM-pHIluorin receptor domains are present in the multivalent contact area
between the virus and the inhibitor. Also, since nbGFP are separated from the SC scaffold using a

rigid ds-DNA handle, factors such as ligand clustering/congestion on the SC scaffold are less likely.
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To orthogonally test the hypothesis that indirect attachment of the SC to the viral particle
through a binder, we swapped out nbGFP binders with GFP aptamers targeting gM-pHIuorin and
repeated the dose-response analyses using plaque reduction infectivity assays. Furthermore, to
assess the impact of binder flexibility, we introduced an ssDNA spacer between the virus binder
and the dsDNA SC docking region. Consistent with our previous findings, we observed PRV 486
inhibition for all three valencies we tested with SC-aptGFP and SC-flex-aptGFP and a plateauing
effect on ICso with a valency of 24 or more.

Next, to understand the binding modes between SC-nbGFP and PRV 486, we evaluated
the particle size distributions of virus pre-incubated with SC60H-nbGFP using nanoparticle tracking
analysis. We anticipated three plausible binding modes (Fig. 8A):

1. One to many, in which the one multivalent inhibitor functions as an interconnector between
multiple virus particles essentially aggregating them,

2. Many to one, in which multiple multivalent inhibitors partially or fully cover the surface of
individual virus particles, sterically shielding the envelope glycoproteins and,

3. One to one, in which one multivalent inhibitor binds to one virus particle

The nanosight assays revealed that the size distribution of PRV particles pre-incubated
with SC-nbGFP was comparable to that of control groups with untreated viruses or viruses
pretreated with only SC scaffold or with only nbGFP binders. Therefore, no evidence of aggregation
was observed for any of these groups under the imaging conditions employed. Our findings align
with studies suggesting aggregation-mediated virus inhibition only when inhibitors are roughly the
same size as the virus (13, 15). PRV particles are ~200 nm in size, whereas SC-nbGFP
nanostructures are ~60 nm in size. In our case, the size of the virus particles is three times that of
the inhibitors. Based on our findings, aggregation is not likely the primary mechanism underlying
PRV 486 inhibition with SC-nbGFP nanostructures. Additionally, the virus inhibition we observed
with the monovalent SC1H-nbGFP in our infectivity assays further supports this hypothesis.
According to the nanosight data, the second and the third binding modes, many to one and one to
one, respectively, also appear unlikely. Assuming a spherical shape, based on the size differences
between PRV and SC-nbGFP, at least 11 units of SC-nbGFP are needed to cover the virus surface
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completely, which should significantly increase the hydrodynamic radius of the PRV particles.
However, nanosight failed to detect particles in control groups with only scaffolds (SC-nbGFP or
SC), most likely owing to their wireframe structures as opposed to the solid structure of the virus
particles. Although we cannot completely rule out these binding modes based on the nanosight
data, our imaging data using confocal microscopy has provided further insight into these processes.

Finally, to test how SC-nbGFP obstructs the early events of PRV infection, we performed
time-lapsed live-cell imaging of PRV particles on PK15 cells using confocal microscopy. PRV enters
cells predominantly by the membrane fusion route, but it can also do so through low-pH-mediated
endocytic pathways (34, 35). In either case, the capsids get internalized into the cells for transport
into the periplasmic space. We used the recombinant PRV 483 which has a pHluorin-tagged
envelope and RFP-tagged capsids, such that the virus particles can be tracked after their
internalization into the target cells by monitoring the RFP puncta inside cells. Fluorescence
microscopy can detect infectious PRV 483 particles as colocalized green and red puncta at neutral
pH. Therefore, using this strain, we were able to track and differentiate the virus attachment by
monitoring the colocalized red and green puncta on the cell surface and the virus internalization by
monitoring the intracellular red puncta (Fig 9B). We monitored the RFP and GFP puncta at two
different time points: the first-time point right after 1 h incubation at 4 °C to arrest the virus particles
adsorbed on the cell surface and the second-time point after additional 1 h incubation at 37 °C to
allow the natural progression of the infection cycle. Next, by analyzing the ratio of intracellular RFP
to cell surface colocalized RFP/GFP, we determined the percentage of internalized viruses. We
compared the progression of virus infection in two different cell groups: first, infected with viruses
pre-incubated with SC-nbGFP, and second, infected with untreated viruses. Image analysis of cells
after the 1 h time point showed similar colocalization of green and red puncta indicative of infectious
viruses adsorbed on the cell surface. These findings suggest that SC-nbGFP nanostructures are
less likely to interfere with the attachment of the virus particles on the cell surface. we observed a
higher number of internalized viruses after the 2 h time point than the 1 h time point for untreated
viruses, corresponding to the continuation of entry processes upon raising the incubation

temperature to 37 °C. Interestingly, we observed a lower RFP to GFP ratio in the cell group infected
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with treated viruses. This suggests less number of virus particles internalized when treated with
SC-nbGFP as opposed to untreated viruses. These data suggest the binding interactions between
SC-nbGFP and PRV 483 particles prevent the release of RFP-tagged virus capsids into the cells.
These two observations, 1) surface attachment of the virus to cells is unaffected by SC and 2)
capsid internalization is lower in presence of SC, support a hypothesis in which the SC’s
mechanism of action lies in disrupting the internalization process of PRV.

Taken together, our results indicate that indirect conjugation of the SC structure to the viral
particle mediated through a binder is the critical component of inhibition of PRV. The presence of
the SC 'payload' appears to block the internalization of PRV into the host cell critically and not the
attachment step of PRV on the host cell. Furthermore, the binder element that links the SC to PRV
does not appear to be specific to the nanobody and in fact, is reproducible when the nanobody is
swapped with an aptamer. Another factor is that the binder does not even need exceptionally high-
affinity interactions for the viral epitope because the SC allows for the presentation of multiple
binders, which collectively can have an avidity effect to lower the effective Kd; in this case, a 3-
order of magnitude improvement. Taken together, our findings suggest that tagging viral binders,
including mAbs, or aptamers, with a DNA origami scaffold may be a strategy in which inhibitory

properties can be imparted or enhanced and warrants further consideration.

3.4.Conclusion

In conclusion, our study provided preliminary insights into the mechanism of SC-nbGFP-
mediated inhibition of PRV 486. Our findings suggest a more nuanced and active role of the scaffold
than being a mere inert backbone for the spatial presentation of virus binders in modulating viral
infectivity. In our study, the scaffold modulated virus infectivity by directly targeting the virus through
binders but also indirectly by interfering with cellular mechanisms independent of viral factors
responsible for them. The fact that we observed reduced viral infectivity even with a valency, n = 1,
and no inhibition with monomeric binders attests to the predominant role of the scaffold in triggering
the inhibitory effects of the nanostructures. It also suggests that this strategy will likely work with

low-affinity binders by leveraging multivalency to offset weak binding, given that the binders are
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highly selective for their target viral epitopes. In addition, the avidity resulting from multivalency can
be instrumental in further enhancing the platform’s inhibition potency.

Since our strategy of targeting non-essential virus domains is novel, it becomes even more
important to investigate the inhibition mechanisms of multivalent systems. It would be interesting to
know how the inhibition potential of SC1H-binder and the dynamics of multivalent SC-binders
change with low-affinity binders as opposed to medium affinity binders we tested in this work. More
importantly, it will be helpful to know how the inhibitory effects change with different scaffold
geometries and architectures and if such platforms will work on viral systems employing different
routes for internalization into cells, such as endocytic vs non-endocytic routes. By the virtue of the
high programmability of DNA nanostructures and high-throughput technologies to rapidly screen
and identify virus-specific binders independent of structural characterization, this strategy could be

potentially implemented in a wide array of viral pathogens.
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1. Chemicals and kits

Tris-acetate EDTA (TAE) buffer, magnesium chloride hexahydrate (MgCl2.6H20),
methylene blue, pluronic-F127, casein, dimethyl formamide (DMF), agarose and polyethylene
glycol 8000 (PEG8000), triethylammonium acetate (TEAA) were purchased from Sigma Aldrich,
Inc. Cell culture consumables were purchased from Corning, Inc. p-slide 8-well plates for confocal
imaging were purchased from Ibidi, Inc. DNA ladders, SYBR gold dye, anti-His HRP, streptavidin-
HRP, and TMB substrate was purchased from Thermo Fisher Scientific, Inc. All ELISA reagents
(except for TMB) were purchased from Bethyl Laboratories, Inc. The BG-GLA-NHS (#S9151S),
Monarch PCR and DNA Cleanup kit (#T1030S), and HiScribe T7 Quick High Yield RNA Synthesis
kit (#£2050S) were purchased from New England Biolabs, Inc. The CytoTox 96 non-radioactive

cytotoxicity assay kit (#G1780) was purchased from Promega, Inc.

2. Oligonucleotides and DNA templates

A total of 16 DNA origami nanostructures (9 conjugated with nbGFP, 6 conjugated with
GFP aptamers, and 1 without handles) were designed using Tiamat. All DNA staple strands used
for assembling scaffolded snub cube (SC) DNA origami nanostructures and modified DNA
oligonucleotides for docking virus binders onto the SC scaffold were purchased in 96-well plates

from Integrated DNA Technologies (www.IDTDNA.com) at 100 nmol synthesis scale with

concentrations normalized to 500 uM. The M13mp18 single-stranded DNA scaffold was produced

in-house using a previously published protocol(Douglas et al. 2007; Bellot et al. 2013).

3. Cell culture and virus propagation

Pig kidney (PK15) cells and the recombinant viruses, PRV 486 and PRV 483, were a kind
gift from Dr. lan Hogue’s lab at the Biodesign Center for Immunotherapy, Vaccines and Vaccination
(CIVV), Arizona State University.
Cells were maintained in full medium comprising Dulbecco's modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, 100 U/mL penicillin, and 100

pg/mL streptomycin in a humidified 37 °C, 5% CO:z incubator.
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The viruses were propagated in PK15 cells based on the detailed protocol in this work

(Card and Enquist 2014). In brief, PK15 cells were grown in full medium to 90% confluency in a

sterile 10 cm cell culture dish. After removing the media and washing the cells once with 1X PBS,
they were infected with PRV at a multiplicity of infection (MOI) of 0.01 in a final volume of 1 mL. The
cells were incubated to allow virus adsorption for 1 h in a humidified 37 °C, 5% CO:2 incubator. After
1 h, the infection inoculum was removed and replaced with 10 mL of fresh virus medium (DMEM
supplemented with 2% FBS, 4 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin).
The cells were incubated further until 80-90% cytopathic effects were observed, at which point the
cells and supernatant were harvested. The mixture was centrifuged at 2000xg for 5 min to remove
the cell debris, and the virus supernatant was divided into 100-200 uL aliquots and stored at -80 °C

until further use.

4. Plaque assay
PK15 cells were seeded a day before in 6-well plates at a density of 4 x 10° cells per well.
The cells reached 90-95% confluency at this seeding density the next day.

For determining the infectious virus concentration, serial dilution plaque assays were

performed based on the descriptive protocol in this work (Card and Enquist 2014). Virus stock
stored at -80 °C was thawed in a 37 °C water bath and sonicated in a cup sonicator (10 pulses, one
second on and one second off for a total of 20 sec at an amplitude of 80%). A series of 10-fold serial
dilutions of the virus stock was made. Cells were washed once with 1X PBS before infecting
individual wells with 10-5, 106 and 107 dilutions in a final 200 pL volume. After infection, the cells
were incubated to allow virus adsorption for 1 h in a humidified 37 °C, 5% CO: incubator. The
unbound virus was removed and replaced with 3 mL of methocel overlay medium (virus medium
supplemented with 2% methylcellulose). After 3 days of incubation, the plaques were stained with
a 70% methylene blue solution and incubated at room temperature (RT) for up to 24 h. The staining
solution was removed, and plaques were counted at each dilution. To determine the infectious virus

titer (PFU/mL), the total plaque count was divided by the total volume plated, based on the lowest
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dilution giving a countable number of plaques, and multiplied by the reciprocal of the corresponding
dilution factor.

For the plaque reduction assay, approximately 100-200 plaque-forming units (PFU) of the
PRV 486 were mixed with different concentrations of SCnbGFP in a final 200 pL. For dilution of the
virus and SCnbGFP, fresh DMEM (without supplements) was used. The mixtures were incubated
at 37 °C for 1 h. Before infection, the spent media from 6-well plates was removed, and the cells
were washed once with 1X PBS. The virus mixtures were added to the individual wells, and the
cells were incubated to allow virus adsorption for 1 h in a humidified 37 °C, 5% CO: incubator. After
1 hr, the inoculated mixtures were removed and replaced with a 3 mL methocel overlay medium.
After 3 days of incubation, plaque staining and counting were performed as described above. The
residual infectivity (%) was calculated using the control group with just the virus as the reference.
Nonlinear regression for dose-response: inhibition was used to curve fit the data and analyze the

half-maximal inhibitory concentration dosage (ICso).

5. ONI-based detection of interactions between viruses and nbGFP

Corning glass coverslips of two different sizes were used to make flow cells for this
experiment. The coverslips were cleaned in multiple steps. First, they were sonicated in 100%
ethanol for 10 min, then extensively washed with MiliQ water and sonicated in acetone for 30 min.
Next, the coverslips were incubated in 100% ethanol for 10 min at room temperature (RT), rinsed
with MiliQ water, and then incubated in 2% Hellmanex Il solution for 2 h at RT. Finally, the
coverslips were washed with MiliQ water, dried with nitrogen gas, and filtered airflow and plasma
cleaned for 10 min (Harrick Plasma; PDC-32G). Immediately after plasma cleaning, flow cells were
made by sandwiching double-sided Kapton tape between a larger and a smaller coverslip. The
Kapton tape was cut to include two channels for replicate testing.

For binding experiments, all the wash steps were performed with 200 puL of PBS. 10 pL of
5 uM nbGFP was flowed into the flow cells and incubated for 10 min in a humidity chamber. After
washing excess nbGFP, 1 mg/mL casein was flowed into the flow cells to block unspecific binding

and incubated for 10 min. Excess casein was washed, and 10 pL of 100 pM PRV 486 was added
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to the flow cells. As a positive control for the virus, 100 nM EGFP was used. The virus was incubated
for 10 minutes before washing the unbound viruses with PBS. The flow cells were sealed with a
coverslip sealant and incubated in a humidity chamber before and in between imaging. The bound
viruses were imaged using the Oxford Nanoimager microscope (ONI) with a 473 nm laser at 2%

intensity, or < 20 mW, a TIRF angle of 55°, and an exposure of 100 ms.

6. GFP aptamer synthesis

DNA templates for the aptamer transcription were purchased from IDT and hybridized after
mixing the sense and anti-sense strands in a 1:1 ratio in 100 mM Potassium Acetate, 30 mM
HEPES, pH 7.5 at a final duplex concentration of 100 mM. The double-stranded template was
prepared by heating the mixture to 94 °C for 2 min followed by cooling to 5 °C at a rate of 1 °C/min.
The DNA was amplified using standard PCR and purified using the Monarch PCR & DNA Cleanup
Kit. The transcription reactions were prepared using the Hiscribe T7 Quick High Yield RNA
Synthesis kit (NEB) using the protocol for short transcripts. The duplex template was included at a
final concentration of 2 mM, and the reaction mix was incubated for 16 h at 37 °C. After incubation,
the mixture was treated with DNase | and incubated at 37°C for 30 min. 3.5 volumes of 100%
ethanol and % volume of 3 M sodium acetate were added per volume of unpurified aptamer before
incubation for 2 h at -80°C. The mix was centrifuged at 13000 x g for 20 min at 4°C before two wash
steps with 70% ethanol. After each wash step, the mix was centrifuged at 13000 xg for 10 min at
4°C. The pellet was then resuspended in water resulting in purified GFP aptamers for future

experimentation.

7. Assembly of snub cube with virus binders
a. Assembly of snub cube-nanobody GFP nanostructures (SC-nbGFP_
The DNA SC used for conjugation to nbGFP were self-assembled in a one-pot reaction in
which a 100 nM M13 scaffold was mixed with a 10-fold molar excess of common staple strands, a
10-fold molar excess of the handles corresponding to the valency of the SC, a 10-fold molar excess

of the handles which block the remaining spots corresponding to the valency of the SC, and 1 mM
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TAE + 12.5 mM MgCl2. A final reaction volume of 100 pL was annealed in a thermocycler with the
following program: 95 2C for 5 mins; 90 2C to 86 °C at a rate of 4 2C per 5 minutes; 85 2C to 70 °C
at a rate of 1 2C per 5 minutes; 70 °C to 40 °C at a rate of 1 2C per 15 minutes; 40 °C to 25 °C at 1
2C per 10 minutes; and hold at 4 2C at the end of the cycle.

Following annealing, the SC nanostructures were purified from excess staple strands using
100 kDa Amicon spin-column filtration. Columns were passivated for 2 mins with 500 pL of 10%
Pluronic-F127 in 1x TAE + 12.5 mM MgCl2 and centrifuged at 16000 xg for 10 mins. The columns
were washed with 500 pL of 1x TAE + 12.5 mM MgCil2 prior to addition of the samples and additional
1x TAE + 12.5 mM MgCl2 up to 500 pL. The columns were spun at 1000 x g for 15 minutes before
replenishing the 1x TAE + 12.5 mM MgCl2 to 500 pL.

The purified SC scaffolds were mixed with a 10-fold molar excess of BG-conjugated
complementary DNA strands and incubated for 90 mins at 37°C. Following annealing, another 2
rounds of 100 kDa Amicon spin-column filtration with passivation were performed following the
same procedure described above. Finally, the SC-BG-DNA was mixed with nbGFP at a 5x molar
excess of the SC valency in a solution of 1X PBS + 12.5 mM MgCl2+ 1 mM DTT and incubated
overnight at 4°C with gentle rotation. A final set of 5 rounds of 100 kDa Amicon spin-column filtration
with passivation was performed with 1X PBS + 12.5 mM MgCl2 used as the wash buffer in place of
1X TAE + 12.5 mM MgClz and all steps were performed at 4°C to preserve the stability of the
assembled SC-nbGFP. Gel electrophoresis was performed following each purification step to

confirm the assembly of the DNA origami nanostructures.

b. Assembly of snub cube-GFP aptamers with and without flexible spacer (SC-aptGFP and
SC-flex-aptGFP)
The assembly of SC-aptGFP and SC-flex-aptGFP was accomplished in a one-step reaction
using the one-pot reaction mix for SC synthesis (described above) complemented with aptamer
strands at a 10-fold molar excess of the SC valency. The purification protocol was the same as

described above for SC purification.
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8. Agarose gel electrophoresis

DNA nanostructures were analyzed by agarose gel electrophoresis to assure purity and confirm
conjugation. Samples were loaded into a 1% agarose gel according to the following mixture: 1 pL
sample, 3 pL MilliQ H20, 1 pL 6X loading dye, and 1 yL 6X SYBR GOLD dye. Along with a 1kb
plus DNA ladder, the samples were run in a buffer of 1X TAE + 12.5 mM MgCl: for 1 hr at 100 V.
Gels were imaged with a Bio-Rad Molecular Imager Gel Doc XR System transilluminator at the

SYBR GOLD excitation wavelength (495 nm).

9. Synthesis of benzylguanine conjugated DNA oligonucleotides

3’-amine modified (3AmMO) single-stranded DNA oligonucleotides complementary to the SC
overhang handles were ordered from IDT and diluted in 0.1 M HEPES pH 85 to a final
concentration of 1 mM. N-hydroxysuccinimide ester-functionalized benzyl guanine (BG-GLA-NHS)
from NEB was freshly reconstituted in DMF to a 50 mM final concentration. For conjugation, the
two solutions were mixed in a molar ratio of oligonucleotide-amine: BG-GLA-NHS = 1:10. The final
concentration of HEPES was maintained between 50 mM and 100 mM. The reaction was incubated
at4 °C for 16 h with continuous rotation. After incubation, the reaction was desalted using the Biorad
micro spin columns and further purified using reverse-phase HPLC to remove unconjugated DNA-
amine. 100 mM TEAA and 100% methanol were used as the HPLC buffers. The HPLC purified
fractions were lyophilized and reconstituted in water. The concentration of BG-conjugated DNA was

determined using a NanoDrop spectrophotometer.

10. Purification of BG-conjugated DNA using reverse phase HPLC

BG-conjugated DNA strands were purified from unreacted DNA using a C-18 column on an
Agilent 1220 Infinity LC-HPLC system. Sample DNA mixtures were injected into the column in 50-
100 ul volume. The purification was performed using a linear gradient method, with Buffer-A (100
mM TEAA) and Buffer-B (100% methanol). The gradient was run from 10% to 100% of Buffer-B
over 40 mins. Migration of the DNA and DNA conjugates were monitored using absorbance at

260 nm. Purified volumes of DNA conjugates were collected and further confirmed for their purity
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and identity using MALDI-TOF mass spectrometry. The purified DNA conjugates were lyophilized

and stored at -20 °C until further use.

11. Mass characterization of BG-DNA conjugates using MALDI-TOF mass spectrometry
All purified products were characterized on an AB SCIEX 4800 MALDI TOF/TOF in the positive
ion mode, with 3-Hydropicolinic acid (HPA) as the matrix. Samples were spotted onto a MALDI

plate using a sandwich technique (sample-matrix-sample).

12. nbGFP synthesis

The nbGFP protein was expressed from the recombinant plasmid, pBiEX1-nbGFP, which
was a kind gift from Dr. Sivaraj Sivaramakrishnan (University of Minnesota, Twin Cities, USA). The
SNAP-tagged protein construct contained, from the N- to C-terminus: the GFP nanobody (nbGFP),
the SNAP-tag for oligo labeling, and both FLAG and 6xHis tags for purification.

The plasmid was transformed into BL21 (DE3) competent £. co/i (New England Biolabs),
and a single colony of transformed cells was picked from LB-agar plates and used to inoculate a
50 mL culture in LB broth containing carbenicillin (100 pg/mL) antibiotics. This culture was grown
for 16 h at 37 °C, and 250 rpm, at which point it was used to inoculate a 500 mL culture in LB
supplemented with carbenicillin at the above concentration. The optical density of the culture was
monitored until an ODeoo of 0.6-0.8 was reached. It was followed by gene induction using 0.5 mM
IPTG for 16 h at 220 rpm and 18 °C. Cells were harvested via centrifugation at 3000 xg for 15 min
at 4 °C. The supernatant was discarded, and the pellet was resuspended in 50 mL of lysis buffer
(100 mM NacCl, 25 mM Tris at pH 8.0, 5 mM EDTA, 1% Triton-X, 1 mM DTT, and 1X cOmplete
protease inhibitor (Roche)) for 1 h at -80 °C. After thawing the lysate in RT, it was treated with hen
egg white lysozyme (HEWL,; Sigma-Aldrich) and DNase | (Sigma-Aldrich), each at a concentration
of 1 mg/mL, for 30 min at 37 °C. The mixture was transferred to an ice bath and sonicated for 10
min (1 s on, 2 s off, 50% amplitude). The lysate was centrifuged at 20000 xg for 30 min at RT to

separate cell debris from the periplasmic fraction.
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The supernatant containing the nbGFP was loaded directly onto the HisTrap FF (Cytiva) 5
mL column equilibrated with Nickel Wash Buffer containing 25 mM Tris at pH 7.6, 500 mM NaCl,
and 10 mM imidazole. To remove nonspecifically bound proteins, the resin was washed with 15 CV
of the wash buffer, and the bound proteins were subsequently eluted with an elution buffer
containing 25 mM Tris at pH 7.6, 150 mM NaCl, and 500 mM imidazole. The eluted fractions were
run on a 15% SDS-PAGE gel to confirm protein expression. The fractions mainly containing pure
proteins with 35 kDa bands were pooled together and buffer exchanged using a 3.5 kDa MWCO
centrifugal filter unit (Amicon) into an anion exchange buffer containing 20 mM Tris at pH 8.0, 10
mM NaCl. The protein solution was then injected into a HiTrap Q FF anion exchange 5 mL column
(Cytiva), equilibrated with the anion exchange buffer, and finally eluted using a buffer containing 20
mM Tris at pH 8.0 and 500 mM NaCl. Nanobody constructs were buffer exchanged into PBS using
a 3.5k MWCO centrifugal filter unit and divided into aliquots that were flash frozen in liquid nitrogen

and kept at -80 °C until further use.

13. ELISA assay

96-well Nunc maxisorp flat bottom ELISA plates were coated with 100 pL of PRV 486 at
1x10° particles/mL, diluted in ELISA coating buffer, and incubated overnight at 4 °C. All the wash
steps were performed thrice with 200 pL of 1X Tris Buffered Saline + 0.05% Tween20 (TBST), each
wash lasting 5 min. Wells without virus coating and with EGFP coating were used as negative
controls and positive controls, respectively. After incubation, the plates were washed and blocked
with 200 pL of Tmg/mL casein in TBST for 2 h at room temperature (RT). Plates were washed, after
which 100 pL of nbGFP or nbGFP conjugates or GFP aptamers were added in different
concentrations after dilution in TBST + 0.1% BSA and incubated for 1 h at RT. Rabbit anti-pHIuorin
antibodies were used as positive controls for noGFP and GFP aptamers. Plates were washed, and
100 pL of 1:10000 dilution of anti-His Horseradish peroxidase (HRP) for nbGFP, 100 pL of 1:10000
dilution of anti-rabbit HRP for anti-GFP antibodies, and 100 pL of 1:10000 dilution of streptavidin-
HRP for GFP aptamers were added and incubated for 1 h at RT. Plates were washed, and 100 pL

of 3,3,5,5-tetramethylbenzidine (TMB) substrate was added and incubated in the dark for 2-3
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minutes at RT. The reaction was quenched with 100 pL of 0.15 M H2S0O4, and absorbance was read

immediately at 450 nm using a microplate reader (Spectra MAX 190, Molecular Devices, Inc.).

14. Flow cytometry-based neutralization assay

PK15 cells were seeded a day before in 24-well cell culture plates at a density of 75000
cells per well. The cells reached 70-80% confluency at this seeding density the next day.
Approximately 15000 PFU of PRV 486 were incubated with different concentrations of SCnbGFP
in a final volume of 100 pL for 1 h at 37 °C. Fresh DMEM was used to dilute stocks of SCnbGFP
constructs and to make up the final reaction volume. Before infection, the media from 24-well plates
was removed, and the cells were washed once with 1X PBS. The virus mixtures were added to the
individual wells, and the cells were incubated to allow virus adsorption for 1 hr in a humidified 37
°C, 5% COz2 incubator. After 1 hr, 400 pL of virus medium was added to the wells to make up the
final volume of 500 pL per well. After 48 h, cells were harvested for flow cytometry.

After 48 h, cell supernatant was removed from the wells, and the cells were washed once
with PBS. Then the cells were fixed with 100 pL of 4% paraformaldehyde (PFA) for 20 min at RT
with gentle shaking. Cells were washed and dissociated with 100 pL of 0.15% trypsin for 5 min at
RT with gentle shaking. The trypsin was inactivated by adding 200 pL of PBS + 2% FBS. Plates
were centrifuged at 300 g for 5 min. The supernatant was discarded, and the cell pellets were
reconstituted in 200 pL of PBS + 2% FBS and transferred to individual wells in 96-well flow
cytometry round bottom plates. Samples were acquired and analyzed using an Attune NxT Flow
Cytometer and software (Thermo Fisher), respectively. In total, 30,000 single cell events, gated on
side scatter area versus height, were recorded for analysis. EGFP was excited with a 488-nm laser,
and emission was measured with a 530/30-nm bandpass filter. Untreated cells were used as
negative controls, and cells treated only with PRV 486 were used as positive controls. The residual
infectivity (%) was calculated using the control group with just the virus as the reference. Nonlinear
regression for dose-response: inhibition was used to curve fit the data and analyze the half-maximal

inhibitory concentration dosage (ICso).
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15. Cytotoxicity assay

Cytotoxicity resulting from treatment with SCnbGFP constructs or individual components
was analyzed using the Promega LDH kit. In brief, PK15 cells were seeded in a 96-well cell culture
plate a day before at a density of 50000 cells per well. To remove residual LDH activity from the
cells, the overnight media was replaced with 100 pL of fresh media. SC60H-nbGFP, SC60H,
nbGFP, and M13mp18 constructs were diluted to different concentrations in DMEM and added to
the wells at 50 pL per well, for a total of 150 pL per well. Cells were incubated for 24 h in a humidified
incubator at 37 °C and 5% CO:2. Untreated cells were used as negative controls. Cells treated with
the lysis buffer were used as positive controls and as a reference to calculate the cell viability of
other groups. After incubation, the cell supernatant was removed and carefully transferred into
individual wells of an optically clear 96-well flat bottom microplate. A 50 L LDH reaction mixture
was added to the wells, and the plate was incubated in the dark for 30 min at RT. To stop the
reaction, 50 pL of the stop solution was added to each well, and the absorbance was read within
one hour using a microplate reader (Spectra MAX 190, Molecular Devices, Inc.). Cytotoxicity was
calculated according to the manufacturer’s protocol, and cell viability was calculated as 1 -

cytotoxicity.

16. Serum stability assay

The stability of the conjugated snub cube nanostructures was evaluated /in vitro by
incubation at 37°C for periods of 0, 1, 2, and 8 h. 20 pL reactions containing 5 nM of the conjugated
snub cube and DMEM supplemented with 0, 2, or 10% FBS were incubated for the respective
duration before analysis with agarose gel electrophoresis. 2 pL of the sample were combined with
3 uL of water and 1 pL of 6X loading dye and loaded into a 1% agarose gel prestained with 1X
SYBR GOLD. The samples were run for 1 h in a running buffer of 1X TAE + 12.5 mM MgCl2 at 100V
for 1 h before visualization with a Bio-Rad Molecular Imager Gel Doc XR System transilluminator

at the SYBR GOLD excitation wavelength (495 nm).
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17. Particle size distribution analyses

NanoSight assays were performed to characterize the particle size distributions of
complexes formed by the interactions between PRV 486 and SC60H-nbGFP. Nanoparticle tracking
analysis (NTA) measurements were performed using a NanoSight NS300 instrument (Malvern
Panalytical Ltd.), following the manufacturer’s instructions. The virus samples with or without
SC60H-nbGFP were serially diluted with PBS to reach a particle concentration of 107-10°
particles/mL, suitable for NTA. The samples were injected into the sample unit with 1 mL Luer-Slip
sterile syringes (VWR). The capture settings (shutter and gain) and analysis settings were manually
set. Each group was run in at least two different sample dilutions, and each sample was analyzed
thrice. The video was recorded for 60 s at 30 fps for each measurement and analyzed using
Nanoparticle Tracking Analysis (NTA) 2.0 Analytical software.

To roughly estimate the size of SC60H-nbGFP, we performed a dynamic light scattering
(DLS) analysis. DLS measurements were acquired on a Zetasizer instrument (Malvern Panalytical
Ltd.). The SC60H-nbGFP samples were diluted in buffer containing TAE + 12.5 mM MgClz to final
concentrations of 50 pM, 500 pM and 5 nM. 1 mL sample volume was loaded into a glass cuvette.
Each sample was analyzed twice, and the size distributions of samples with an acceptable

polydispersity index (PDI) were considered.

18. Confocal microscopy

For confocal microscopy experiments, PK15 cells were seeded a day before in a p-slide 8-
well plate (Ibidi) at a density of 10000 cells per well. Approximately 1E + 8 PFU of PRV 483 were
mixed with 50 nM of SC60H-nbGFP in a final 100 uL volume and incubated at 37 °C for 1 h. 30
mins before imaging, cells were washed and incubated with Hoechst solution at 1 pM final
concentration. The Hoechst solution was removed, and the virus and inhibitor cocktails were added
to the cells. Cells were imaged on a Zeiss LSM 880 confocal microscope using three fluorescent
wavelengths, 405 (nucleus blue), 488 (virus envelope, green), and 555 (virus capsid, red). Z-stacks

consisted of ~10 images per stack, spaced by 0.2 um, and ~5 fields of view ( ~20 cells per field of
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view) were acquired for each sample. Image analyses were performed using Mathematica and

ImagedJ software.

19. Statistical analysis

Analyses were performed with GraphPad Prism 9 with measurements taken from distinct samples.
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1. 3D snub cube scaffolded DNA origami

Supplementary Fig. 1| All-atom model of the 3D snub cube scaffolded DNA origami. The all-atom

model was generated using DAEDALUS.

2. ONI-based detection of binding between PRV 486 and nbGFP

We first performed a quick imaging-based assay to assess the binding interactions between them
visually. In brief, we added PRV 486 to flow cells coated with nbGFP and removed unbound
particles after a short incubation. We used casein as the blocking agent to minimize non-specific
interactions. We used an anti-GFP antibody (AbGFP) as a positive control for nbGFP and EGFP
as a positive control for PRV 486. In the presence of binding between nbGFP and PRV 486, the
virus particles would immobilize on the glass slide, which can be visualized under a 473nm laser
owing to the pHluorin tags on the viral envelope. We used super-resolution fluorescence
microscopy to visualize bound virus particles. The results of the imaging-based binding assay have
been summarized in Fig. 1A. The white puncta represent the virus particles bound to nbGFP. We
observed the immobilization of virus particles on the glass slide coated with nbGFP, as
demonstrated by the distinct white puncta (first square, top row). Similar results were observed with
glass slides coated with AbGFP (second square, top row). Without nbGFP and AbGFP, virus

binding was negligible (third square, top row).
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Supplementary Fig. 2| ONI microscopy showing binding interactions between PRV 486 and

nbGFP. A, Schematic workflow of the assay. B, Representative ONI microscopy images showing
binding between nbGFP and PRV 486. Anti-GFP antibody (AbGFP) used as the positive controls
for nbGFP and EGFP is used as positive control for PRV 486. Casein (blocking agent) is used as

negative control for nbGFP. Scale bar is 10um.

3. Sequences of the SC60H

Number Sequence (5't0 3')

1--snub-- AGACTT TTT TTC AAA TAT CGC GGA AGC AAACTT TTT TCC AAC

2--snub-- AGG TCG AAC CATCACCTTTTC AAATCAAGT TCG GA

3--snub-- ACG TCATTT TAA GGG CGA AAT GAT AAGAGG TTT TTT CAT TTT TGC GCT GTA

4--(sh)snub_V3-- TITTTTTTTTTITTTITTTITTTT TCA CTA CGT AGG ATT AGA GAG

TAC CTT TAA CAG GGC GAT GGC C

5--snub-- TTG CTC CTT TAACCG TCT AT
6--snub-- TGATTC CAT TAGATACTT TTT ATT TCG CAA ACT CCA
7--snub-- AGTGTTTTT TGT TCC AGT TTAGTG CCAAGC TTT TTT TGC AT
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8--(sh)snub_V3--

TITTTTTTITTTITTTITTTITTTT TAACGT GGA TGG TCA ATAACG

ACG TTG TAATCC ACT ATT AAAG

9--snub-- AAC GAC GGC CGG AAC AAG AG

10--snub-- AATTCC TTT TTA CAC AACATATGC CTAATGAGT TTT TTG AGC
TAACTGGTTG

11--snub-- CGAAAT TTT TCG GCA AAATCT TCC AGT CGG GTTTTT AAACC

12--(sh)snub_V3--

TTTTITTTTTTITTTITTTITTTT TCG AGA TAG CAC ATT AAT TGC GTT

GCG CTC CAA AAG AAT AGC C

13--snub-- ACT GCC CGC TCC TTATAAAT

14--snub-- ACC CTATTT TTA AGG GAG CCC GAC TAT TAT AGTTTT TTC AGA
AGC AAC CGAA

15--snub_V3-- GGC GAA AGC CGT AAAGCACTAAATTTT TGG GGT CG

16--snub-- GGG CAATTTTTC AGC TGATTG CAAGCG GTC CATTTT TCG CTG

GTTTGGGTTC

17--(sh)snub_V3--

TITTTITTTITTTITTTITTTITTTT TAG GTATCC TGT TTG ATG GTC

CCCAGCA

18--snub-- TGGATTTTTTTATTT ACATTG AAAGGGACATTT TTT TCT GGC
CAA CAAGAAT

19--snub-- ACGTGGTTT TTC ACAGAC AATTTACCT TTTTTIT TTT TAATGG

20--(th)snub_V3--

TITTTTTTITTTITTITTTITTTT TAC GTG ACC TGA AAG CGT AGA

GAT AGA
21--snub_V3-- ACC CTT CAG TAG ATT TAG TTT GAC CCAATT CTG CGA
22--snub_V3-- GCT CAATTTTTC ATG TTT TAA CAT TCC ATATAT TTT TAC AGT

23-—(th)snub_V/3-

TITTTTTTITTTITTITTITTTT TTACCG GTG TCT GGA AGT TTATAT

GCAA

24--snub_V3--

CTA AAG TAC GAA CGA ACC ACC AGC GCC ATT AAA AA
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25--snub_V3--

AAA CAT TTT TTC AAG AAAACA GAACTGATAGCT TTT TCC TAA

AAC ATC AGA A
26--snub_V3-- GAT AAATTT TTA CAG AGG TGA ATC GGG AGA AAT TTT TCA ATA
27--snub_V3-- AAT CTA AAT TGC TGAATATAATGG ATG GCT TAG A

28--(th)snub_V3--

TTTTITTTTTITTTITTTITTTT TGC TTA AGC ATC ACC TTG CTG AAA

TGA AA
29--snub-- GCTGAGTTT TTA GCC AGC AGC AAC CTC AAATAT TTT TTC AAA
30--snub-- GCCTGG CTC GAATTC GTT TTT TAATCATGG TCT CAC
31--snub_V3-- ACC AGT CGATCC CCG GGT ACC GACAGG TCGACTC

32--(th)snub_V3--

TTITTTTTTTTTITTTTTTT TTT TTA GAG ACA CGA CCA GTA ATA

GCAGATTC

33--snub_V3-- GAA CAATGT GAAATT GTT ATC CGC ATAGCTGTT TC

34--snub-- CTATAT TTT TTG TAAATG CTG CAAACT ATC GGT TTT TCC TTG
CTGGTT GCAA

35--snub-- CAG GAATTT TTA AAC GCT CAT ACATAG CGATATTTT TGC TTA

36--(th)snub_V3-—

ITTTTITTTTTTITTTITTITTTIT TCT GTATTA CCG CCA GCC ATA ATA

TCCA
37--snub_V3-- CCA TCA CAG TGT AAA GCC TGG GGC GAG CCG GAA GCA
38--snub-- AGGCCATTTTTC CGAGTAAAATAG CAATACTITTTITTCT TTG

39--(th)snub_V/3--

TITTTTTTITTTTTITTITTTT TTA AGC AAATTA ACC GTT GGA GTC

TGT

40--snub--

GTCTTTACCCTCCGATTTAGAG

41-—(th)snub_V/3-

TITTTTTTITTTITTTITTTITTTT TAA GCC GGC GGA CCATAAATC

AAA AAT CAG CTT GAC GGG GA

42--snub--

TTC AGATTT TTA AAC GAG AAT AAC GTG GCG AGT TTT TAA AGG

43--snub_V3--

TAC ATT TAA GAT TAA GAG GAA GCA GCG GAT TGC AT
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44--snub-- ATATAATTTTTT CCT GAT TGT ACT AAT AGATTT TTT TAG AGC
CGT CAT TAG A
45--snub-- CTTTACTTT TTAAAC AAT TCG TTATTAATT TTT TTT TAA AAG

46--(th)snub_V3--

TITTTTTTITTTTTTITTTT TTT TCA AAG AGG ATT TAG AAG TAA TAG

ATAA

47--(th)snub_V3--

TITTTTTTTTTITTTITTTIT TTT TTC CAA AGC GAA CCA GAC CGT

TTT AAT
48--snub_V3-- TCG AGC TTAGTT GGC AAATCA ACA ATC AAT ATC TGG
49--snub_V3-- CCCTCAGTT GAAAGGATT TTT ATT GAG GAA GAG AAC
50--snub-- TGT CGG GGG AGAGGC GTTTTT GTT TGC GTA TGA GAC
51--(th)snub_V3-- | TTTTTTTTITTTITTTTTTT TTT TGA GGA ATC GGC CAA CGC GCT
GCCAGCT
52--snub_V3-- GCATTAATAAGT GTTTTT ATAATC GCC AGAATC CT
53--snub_V3-- TTGAAATTTTTT ACC GAC CGT GGATTT TAG ACT TTT TAG GAA
CGG TAC AGT G
54--snub_V3-- TGCTTTGTTTTC TTT TCA CCA GTT GGG CGC CAG GG
55--snub-- TTTAACTTT TTAACG CCAACAATG CGC CGC TATTTT TCA GGG
CGCGTGTGCT
56--snub-- TTCCTCTTTTTGTTAGAATCAACC GGAATCATTTTT TAATTA

57--(th)snub_V3--

TTTTTITTTTTTITTTITTITTTIT TTG GTA CGA GCA CGT ATA ACA

CTATGGT
58--snub_V3-- GAA AGG ACC TGA GAG AGT TGC AGC CCTTCACCG CC
59--snub-- AAG GGC TGG CAAGTG TTT TTT AGC GGT CAC GTA ATA

60--(th)snub_V3--

TTTTITTTTTTITTTITTITTTIT TTG GCG CGG GCG CTA GGG CGA

AGA AAG C

61--snub--

TTC ATT TGAAAT TTT TGA AT
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62--(th)snub_V3--

TITTTTTTITTTTTITTITTTITTTIT TAACAATGG CTATTAGTCTTT

AAT GCG CAAATT AATTAC A

63--snub--

AAA CAT TGC TTC TGT ATT TTT AAT CGT CGC TTG AAA

64--snub--

ATC CTT GAA AGG AAATACCT

65--(sh)snub_V3--

TTTTITTTITTITTTITTTITTTT TCC CTT AGAACATTT TGA CGC TCA

ATC GTC ATT AAT TAATTTT
66--snub-- AAA GAA CGC GTAATAACATC
67--snub-- ATT AGAGAAAACTTT TTT TTT TCA AAT ATA TAT GGT

68--(th)snub_V3—

[TTTTITTTTTTITTTITTITTTIT TTC GCA AGA CAC TTG CCT GAG

TAG AAG AAC TAT GCA AAT CCA A

69--(sh)snub_V3-—

[TTTTITTTTTTITTTITTITTTT TCG TTA AAT TAA ACA GGA GGC

CGATTA AAG GTG ATA AAT AAG G

70--snub-- AAG AAT AAA CGA GCG GGAGC
71--snub-- TTC GAG CCA GCT GCG CGT AA
72--snub-- AGA GAATTT TTT ATA AAG TAC CCAATACTG CGT TTT TGA ATC

GTC ATAACAG

73--(th)snub_V3--

TTTTTITTTTTTITTTITTITTTT TGA GGC ATT CCA CCA CAC CCG

CCG CGCTTATGT AAT TTAGGC A

74--(sh)snub_V3--

TTTTTITTTTTTITTTITTTITTTIT TAATGC TTT AAAATATTC ATT GAA

TCTCCTTTGC
75--snub_V3-- CCG AAC GAC AAC TCG TAT TAAACC CCT CA
76--snub-- TGG AAG GGT TGT TAT CTA AA
77--snub-- CTACCATTTTTT ATC AAAATT GTAGATTTTCATTTTTGG TTT

AAC GTGCCAC

78--(th)snub_V3--

TTTTTTTTTTTTTTITTTITTTT TTC TGA ATA AAT ATC TTT AGG AGC

ACT AACATTGGATTATACT
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79--(sh)snub_V3--

TITTTTTTITTTTTTITTTIT TTT TTG CAA CAG TCA GAT GAA TAT ACA

GTAACAGATTAACACCGCC

80--snub-- TACCTTTTACGG CGG TCAGT

81--snub-- AATTGATTTTTG TTAAGC CCAATAGCTATCTTT TTT TAC CGA
AGC CCAGTTA

82--snub-- CCAGAATTT TTG GAA ACC GAG AAT AGG AAC CCT TTT TAT GTA

83--snub-- CCG TAA ACG CCT GTAGTT TTT CAT TCC ACA GAC AAG

84--snub-- TAA CAT TTT TTA AAA ACA GGG ACC CTG AAC AAT TTT TAG TCA

85--snub-- GAG GGG TTTTGT CGTCTT TTT TTT CCA GAC GGC TAA

86--snub-- ACAACTTTTTTT TCAACAGTT AGAAACGATTTTTTTTTT TGT
TTAACG AGA A

87--snub-- TTTTATTTT TTC CTG AAT CTT TAATTT GCC AGT TTT TTT ACA
AAA TAA AGG A

88--snub-- ATT GCG TTT TTAATAATAATT CTC CAAAAG GATTTT TGC CTT

89--snub-- TAATTAATT TCT TAAATT TTT CAG CTT GAT ATA CAA

90--snub-- AGGTTTTTTTTT GAAGCC TTATCG CCCACG CATTTTTTAACC
GATATAGGCC

91--snub-- GCTTTTTTT TTG CGG GAT CGT CAT CGT AGG AAT TTT TTC ATT

92--snub-- AAACCATTT TTATCA ATAATC GTATTAAAC CAT TTT TAG TAC
CGC ACGAGG G

93--snub-- TAG CAATTT TTC GGC TAC AGAGAAGTT TCCATTTTT TTA AAC

94--snub-- GGG TAC CTAAAACGAATT TTT AGA GGC AAA ATG TAG

95--snub-- AAT AAATTT TTC AAC ATG TTC AAT AGATAAGTT TTT TCC TGA

96--snub-- ACA AGA GCG ATT ATACTT TTT CAA GCG CGA ACT GAT

97--snub-- AAATTGTTTTTT GTC GAAATC AAAGAAGTT TTTTTT TGC CAG

AGG GGACGAC

98--snub--

CGTTTATTT TTC CAG ACG ACG GAG GCG CAGACTTTT TGG TCA
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99--snub--

ATC ATG GAC AGATGAATT TTT CGG TGT ACA GAA GAG

100--snub-- TAATCT TTT TTT GAC AAG AAC TAC ATAACG CCT TTT TAA AAG
GAATTACCCT

101--snub-- AAT AAT AGAAAGATT CTT TTT ATC AGT TGA GAG CTG

102--snub-- CTCATTTTT TTC AGT GAATAA GTAGTAAAT TGTTTT TGG CTT
GAGATTACCT

103--snub-- TATGCG TTT TTATTT TAA GAA AAG AAA AAT CTT TTT TAC GTT

104--(sh)snub_V3-

TTTTTITTTTTTTTTITTTITTTT TCT CAG TAC GCA GCA CCG TAA

TCAGTAGCGTAGCGGGGTTTTG

105--snub-- AAT GAATTT TTA CCA TCG ATA CAG GCG GAT AATTTT GTG CC
106--snub-- GTC GAA CAAAAG GGC GTTTTT ACATTC AAC CAT TAT
107--snub-- TCATTATTT TTAAGG TGA ATT TAG AGC CAG CAT TTT TAAATC

ACC AGT CACC

109-(sh)snub_V3-

TITTTTTTTTTITTTITTTT TTT TAG TAT AGC CCG GAA TAG GAG

AAA ATT CAT ATG GTT TAC CAT A

108--snub-- AGC GCC AAAGGA GGG TTG AT

110--snub-- CAT AAATTTTTG GTG GCAACAGTT TATTTT GTT TTT TCA CAA
TCAATT GTAT

111--snub-- CAC CGT TTT TAC TCA GGA GGC AGAACCGCCATTTTT CCCTC

112--snub-- AGAGCACTGGCATGATTT TTT TAA GAC TCC TAC ATA

113--(sh)snub_V3-

TITTTTTTITTTTTITTITTTT TGC CTC AGA ACC GCC ACC CTT

- TTAGTAC
114--snub_V3-- CGC CAC CCC GTATAAACA GTT AAT TGA GTAACAGT
115--snub-- TAC CCA AAA GAC ACC ACCCTCA

116--(th)snub_V3-

TTTTTITTTTTTTTTTTTITTTIT TTAACG GAATTT TCA GGG ATA

GCA AGC CCG AAA CGC AAT AA
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117--(th)snub_V3--

TITTTTTTTTTITTTITTTIT TTT TCA GAC CAG TAC AAA CTA CAC

ACT GAG
118--snub_V3-- TTT CGT CGAGTG TAC TGG TAATAG CTT TTG ATG ATA
119--snub-- GAG ATA ACC CAC AGC CCT CA

120--(th)snub_V3--

ITTTTITTTTTTITTTITTTT TTT TAATAT CAG ATA GTT AGC GTA ACG

ATC TAAATAATT GAGCGCT

121--snub_V3--

AAA GCG CAT CTG TAT GGG ATT TTT TAG TAA ATG AA

122--(th)snub_V3--

TTTTITTTITTITTITTITTTITTTT TGT CTC TGA ATT TAC CGC AGA

ATGG

123--snub--

AAT CCA AAT ATC AGC GGA GT

124--(sh)snub_V3-

ITTTTITTTTTTITTTITTITTTT TTT TAT CCC GAG AAT AGA AAG GAA

CAA CTA AAC AGC CAT ATTA

125--(th)snub_V3--

TTITTTTTTITTTITTTITTTITTTT TTT GGT CTC CAA AAAAAAGGT TTT

CACG
126--snub_V3-- TTG AAAACC TTG ATATTC ACA AAC AGG TCA GAC GA
127--snub_V3-- CGCCACCCCTTGCTT TCGAGG TGGTAT CGGTTTA

128--(th)snub_V3-

ITTTTITTTTTTITTTITTITTTT TTC AGT CAG AAC CGC CAC CCT

CTC AGA GC

129--snub--

TGC ACC CAG CCC GAT AGT TG

130--(th)snub_V3-—

TTTTTITTTTTTITTTITTTT TTT TCC GAC AAT GAC AAC AAC CAA

ATC AAGATTAGT TGC TATTTC G

131--snub_V3--

ATA ATC AAC TTG CAG GGA GTT AAATTC GGT CGC TG

132--(th)snub_V3--

TITTTTTTITTTTTTITTTIT TTT TAG GAA TCA CCG GAA CCA GAA

TCTTTTC

133--snub--

TITTTATTTTCACCCTCAGC

134--(sh)snub_V3-

TITTTTTTITTTTTTITTTIT TTT TAT CGG AAC TCA TCG AGA ACA

AGC AAG CCG AGC GAAAGACAGC
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135--snub_V3--

TTITTCATCAGACTTT TTC ATG AGG GCT TTG AGG AC

136--(th)snub_V3--

ITTTTITTTITTTITTTITTTITTTT TTAAGG CAT TTT CGG TCA TAG TAG

CGCG

137--(th)snub_V3-- | TTTTTTTTTTTITTTITTTIT TTT TCATTC TAC GAA GGC ACC AAA AAT
ACGT

138--snub_V3-- AAT GCC AAG CAA GGC CGG AAACGT AGC ACCATT AC

139--snub-- TTT ACG AGC AGA ATACAC TA

140--(th)snub_V3--

ITTTTTTTTTTITTITTTITTTT TCC ATC CTAAAAACACTCATCTTT

GAC CCC CAAAAATAATATC

141--(th)snub_V3--

TITTTITTTITTTITTTTTTTTTT TGA CTG ATT TGT ATC ATC GCA CAA

AGT A
142--snub_V3-- CAA CGG ATG AGC CAT TTG GGAATATCACCG TCACC
143--snub-- GGC TTT TGC ACG CGA CCT GC

144--(sh)snub_V3-

[TTTTITTTTTTITTTITTTT TTT TAT AGC GAG ATC CAT GTT ACT TAG

CCG GAA CAT AAA AAC CAAA

145--snub_V3--

GAG GGA AGA CCA ACT TTG AAA GAA AGG GAA CCG AAC

146--(th)snub_V3~

[TTTTITTTTTTITTTITTTITTITTTG GTA AAT ATT GAC GGA AGATTG

AGG

147--snub_V3--

AAA CGC AAT GGC TGA CCT TCATCA CCA GGC GCATA

148--(th)snub_V3-

TTTTTITTTTTTITTTITTTIT TTT TGG CAG ACA CCA CGG AAT AAT

ATA AAA G

149--snub--

CTA ATG CAG ACG GAT ATT CA

150--(th)snub_V3-

TITTTTTTITTTTTTITTITTTT TCG TAA CAAATT TAG GAA TAC CAC

ATT CAATTACCC AAATCAA

151--(th)snub_V3-

TTTTTITTTTTTITTTITTTITTTIT TTG TTG AAA CAC CAG AAC GAG

GCTTGCC

152--snub_V3--

CTG ACG AAG CAA ACG TAG AAAATT ATT ACG CAG TA
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153—(sh)snub_V3-

TITTTTTTITTTITTITTITTTIT TTG TGAATG GTT TAATTT CAACTG

- CAG ATAG

154--snub-- CCG AAC AAT TTT TAA GAA AAG TAATTAATC AT

155--snub-- ACA GAA TCA AGG ATT AGG AT

156--snub-- GAGAAGTTTGCC TTTATTTTT GCG TCA GAC TGC CCC

157--snub-- CTTATTTTTTTAGCG TTT GCC GCC ACC ACC GGT TTT TAA CCG
CCT CCCAGAG

158--snub-- CCACCATTT TTC CCT CAG AGC GGC TGAGAC TCT TTT CTC AA

159-(sh)snub_V3-

[TTTTTTTTTTITTTITTITTTIT TTATTA AGA CGC CAC CAG AAC

CAC CAC CAG TGA AAC ATG AAAG

160--snub-- AGC CGC CGC CCCTATTATTC

161--snub-- GTG CCT GCC CCCTGC CTT TTT ATT TCG GAA AGC AT

162--snub-- TGACAGTTT TTG AGG TTG AGG CAAATAAAT CCT TTT TTC ATT
AAAGCTTCCA

163--snub-- GTAAGC TTT TTG TCATAC ATG AGT TTT AAC GGT TTT TGG TCA

164--(sh)snub_V3-

TTTTTITTTTTTITTTITTTT TTT TAC CGA AAT AAA GAAATT GCATTT

- GCAC

165--snub_V3-- GTA AAA CAAGTC AGG ACGTTG GGC TGG CTC ATT AT
166--snub-- GAT TAAAAATCATAG GTT TTT TCT GAG AGA CTATAA
167--snub_V3-- GTT TTA GGG CTT AGG TTG GGT TATACC TTT TTAAC
168--snub-- ACCGCGCTTATCCGG TTT TTT ATT CTA AGA AGC GGG

169--(th)snub_V3-

[TTTTTTTT TIT TTT TTT TTT TCT CCC GAA CCT CCC GAC TTC

GCGAGGC

170--snub--

CTAGAAATT CTT ACCATT TTT GTATAA AGC CCC ATA

171--(th)snub_V3-

TITTTTTTITTTTTTITTTITTTT TAACGG CTT AAT TGA GAATCG

AAC GCT CA

172--snub_V3--

ACA GTA GGC GCC TGT TTATCA ACA GCT AAT GCA G
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173--snub--

TTT GAA CCA GAAGGA GTT TTT CGG AAT TAT CCATCA

174--snub_V3--

AAC GGAATC AGATGATGG CAATTATCATATTCC TG

175--(th)snub_V3~

TITTTTTTTTTTTTITTTT TTT TAT TAC AAC ATT ATT ACA GGA ACG

AACT
176--snub-- ACG GAA ATC GCG CAGATT TTT GGC GAATTATGA AAC
177--snub_V3-- TAG ACG GAG CAA AAG AAG ATG ATT CAT TTC AAT TAC

178--(th)snub_V3--

ITTTTITTTTTTITTTITTTITTTT TCT GGA GAA TTA ACT GAA CAA

GCG CAT

179--snub_V3--

ATC AAT ATAGCA GCC TTT ACA GAG TCA AAA ATG AA

180--(sh)snub_V3-

TTITTTTTTTTTTTTT TTT TTT TAATAT GTG AGT GAA TAA CCG TAC

ATAA

181--(sh)snub_V3-

TTITTTITTTITTTITTTITTTTTTT TCATTC TGA CCT AAATTT ATT TAG

- TTA
182--snub_V3— | ATTTCATCAATCAGATATAGAAGGCCCAATAGCAAG
183--snub-- TGG ATA GCG TCG ACA AAA GG

184--(sh)snub_V3-

ITTTTITTTTTTITTTITTITTTT TTC CAG ACG GTA ATA GTA AAATGT

TTA GAC TAAAGT AATTCT G

185--snub_V3--

ATCATTTTAGCAACACTATCATAACGAGGCATAG

186--(sh)snub_V3-

TTTTTITTTTTTITTTITTITTTT TTA AGG CGG AAC AAA GAA ACC

GTAACATT

187--snub_V3--

ATTGCTTTAACAATGAAATAGCAATAATAAGAGCA

188--(sh)snub_V3-

TTTTTITTTTTTITTTITTTIT TTT TAG AGA ATA CCA AGT TAC AAT TCG

CCTG

189--(sh)snub_V3-

T[TTTTITTTTTTTTTTTTT TTT TGA GCA ATA GTG AAT TTATCA GAC

GCTG

190--snub_V3--

AGAAGAGTCGTCTTTCCAGAGCCACCAACGCTAAC
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191--snub_V3-- TTCCTTATCATATGCGTTATACAAAAAGCCTGTTT

192--(sh)snub_V3- | TTTTTT TTT TTT TTT TTT TTT TAG TAT CAT TCC AAG AAC GGG

- GCTGTCT
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APPENDIX C

SUPPLEMENTARY INFORMATION FOR CHAPTER 3

148



1. GFP aptamer sequences

Strand name

aptGFP-sense

aptGFP-
antisense

flex-aptGFP-
sense

flex-aptGFP-
antisense

aptGFP_Fwd

aptGFP_Rev

aptGFP-Biotin-

linker

Type

Sense

Anti-sense

Sense

Anti-sense

Primer (Tm
=59.44°C)
Primer (Tm
=56.71°C)
Biotin-linker

Sequence (5'-3)

TTC TAATACGACTCACTATAG GGAGGGAGGGAGGGAGGGA
GGGAGA
AGCTTCTGGACTGCGATGGGAGCACGAAACGTCGTGGCGCAATT
GGGTGGGGAAAGTCCTTAAAAGAGGGCCACCACAGAAGCT
TCTCCC

GGGAGAAGCTTCTGTGGTGGCCCTCTTTTAAGGACTTTCCCCAC
CCAATTGCGCCACGACGTTTCGTGCTCCCATCGCAGTCCAGAAG
CT TCTCCC TCCCTCCCTCCCTCCCTCC
CTATAGTGAGTCGTATTA GAA

TTC TAATACGACTCACTATAG GGAGGGAGGGAGGGAGGGA
AAAAAAAAAAAAAAAAAAAA GGGAGA
AGCTTCTGGACTGCGATGGGAGCACGAAACGTCGTGGCGCAATT
GGGTGGGGAAAGTCCTTAAAAGAGGGCCACCACAGAAGCT
TCTCCC

GGGAGAAGCTTCTGTGGTGGCCCTCTTTTAAGGACTTTCCCCAC
CCAATTGCGCCACGACGTTTCGTGCTCCCATCGCAGTCCAGAAG
CTTCTCCCTTTTTTTTTITTTTTTITTITTTI
CCCTCCCTCCCTCCCTCC CTATAGTGAGTCGTATTA GAA

TTCTAATACGACTCACTATAGGGAGGGAGG

GGGAGAAGCTTCTGTGGTGG

TCCCTCCCTCCCTCCCTCCC TTTT-Biotin

2. DNA sequence annotation for aptGFP and flex-aptGFP

V1_GFPapt_Fud

TTCTAATACGACTCACTATAGGGAGGGAGGGAGGGAGGGAGGGAGAAGCTTCTGGACTGCGATGGGAGCACGAAACGTCGTGGCGCAATTGGGTGGGGAAAGTCCTTAAAAGAGGGCCACCACAGAAGCTTCTCCC

T7 promoter

Docking

Vi_GFPapt_Rev

GFP apt consensus with Lis (2014}
GFP apt consensus with Shui 2012

VIGFPapt Fud

TTCTAATACGACTCACTATAGGGAGGGAGGGAGGGAGGGAAAAAAAARAAAAAA

T7 promoter

Docking

T T T
&0 83 108 128

AAAAAAGGGAGAAGCTTCTGGACTGCGATGGGAGCACGAAACGTCGTGGCGCAATTGGGTGGGGAAAGTCCTTAAAAGAGGGCCACCACAGAAGCTTCTCCC

Vi_GFPapt_Rev

GFP apt consensus with Lis (2014)

284 Flex linker GFF apt consensus with Shui 2812

T T T T T
6@ 82 120 120 40

3. Handle sequences for SC36H

S.N. Handle position | Sequence
1 20 | TTTTTTTTTTTTTTTTTTTTACGTGACCTGAAAGCGTAGAGATAGA
2 23 | TTTTTTTTTTTTTTTTTTITTITACCGGTGTCTGGAAGTTTATATGCAA
3 28 | TTTTTTTTTTTTTTTTTTTTGCTTAAGCATCACCTTGCTGAAATGAAA
4 32| TTTTTTTTTTITTTTTTTTTTTAGAGACACGACCAGTAATAGCAGATTC
5 36 | TTTTTTTTTTTTTTTTTTTTCTGTATTACCGCCAGCCATAATATCCA
6 39 | TTTTTTTTTTTTTTTTTTTTTAAGCAAATTAACCGTTGGAGTCTGT
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7 41
TTTTTTTTTTTTTTTTTTTTAAGCCGGCGGACCATAAATCAAAAATCAGCTT
GACGGGGA

8 46 | TTTTTTTTTTTTTTTTTTTTCAAAGAGGATTTAGAAGTAATAGATAA

9 47 TTTTTTTTTTTTTTTTTTTTTCCAAAGCGAACCAGACCGTTTTAAT

10 51 TTTTTTTTTTTTTTTTTTTTGAGGAATCGGCCAACGCGCTGCCAGCT

11 57 TTTTTTTTTTTTTTTTTTTTTGGTACGAGCACGTATAACACTATGGT

12 60 | TTTTTTTTTTTTTTTTTTTTTGGCGCGGGCGCTAGGGCGAAGAAAGC

13 62
TTTTTTTTTTTTTTTTTTTTTTTAACAATGGCTATTAGTCTTTAATGCGCAAA
TTAATTACA

14 68
TTTTTTTTTTTTTTTTTTTTTCGCAAGACACTTGCCTGAGTAGAAGAACTAT
GCAAATCCAA

15 73
TTTTTTTTTTTTTTTTTTTTGAGGCATTCCACCACACCCGCCGCGCTTATG
TAATTTAGGCA

16 78
TTTTTTTTTTTTTTTTTTTTTCTGAATAAATATCTTTAGGAGCACTAACATTG
GATTATACT

17 116
TTTTTTTTTTTTTTTTTTTTTAACGGAATTTTCAGGGATAGCAAGCCCGAAA
CGCAATAA

18 117 | TTTTTTTTTTTTTTTTTTTTCAGACCAGTACAAACTACACACTGAG

19 120
TTTTTTTTTTTTTTTTTTTTAATATCAGATAGTTAGCGTAACGATCTAAATAA
TTGAGCGCT

20 122 | TTTTTTTTTTTTTTTTTTITTTTTGTCTCTGAATTTACCGCAGAATGG

21 125 TTTTTTTTTTTTTTTTTTTTTTGGTCTCCAAAAAAAAGGTTTTCACG

22 128 TTTTTTTTTTTTTTTTTTTTTCAGTCAGAACCGCCACCCTCTCAGAGC

23 130
TTTTTTTTTTTTTTTTTTTTCCGACAATGACAACAACCAAATCAAGATTAGT
TGCTATTTCG

24 132 | TTTTTTTTTTTTTTTTTTTTAGGAATCACCGGAACCAGAATCTTTTC

25 136 TTTTTTTTTTTTTTTTTTTTTAAGGCATTTTCGGTCATAGTAGCGCG

26 137 TTTTTTTTTTTTTTTTTTTTCATTCTACGAAGGCACCAAAAATACGT

27 140
TTTTTTTTTTTTTTTTTTTTCCATCCTAAAAACACTCATCTTTGACCCCCAAA
AATAATATC

28 141 TTTTTTTTTTTTTTTTTTTTGACTGATTTGTATCATCGCACAAAGTA

29 146 | TTTTTTTTTTTTTTTTTTTTTGGTAAATATTGACGGAAGATTGAGG

30 148 TTTTTTTTTTTTTTTTTTTTGGCAGACACCACGGAATAATATAAAAG

31 150
TTTTTTTTTTTTTTTTTTTTCGTAACAAATTTAGGAATACCACATTCAATTAC
CCAAATCAA

32 151 | TTTTTTTTTTTTTTTTTTTTTGTTGAAACACCAGAACGAGGCTTGCC

33 169 TTTTTTTTTTTTTTTTTTTTCTCCCGAACCTCCCGACTTCGCGAGGC

34 171 | TTTTTTTTTTTTTTTTTTTTAACGGCTTAATTGAGAATCGAACGCTCA

35 175 TTTTTTTTTTTTTTTTTTTTATTACAACATTATTACAGGAACGAACT

36 178 TTTTTTTTTTTTTTTTTTTTCTGGAGAATTAACTGAACAAGCGCAT
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4. Handle sequences for SC24H

S.N. Handle position | Sequence
1 4
TTTTTTTTTTTTTTTTTTTTCACTACGTAGGATTAGAGAGTACCTTTAACAG
GGCGATGGCC
2 8
TTTTTTTTTTTTTTITTTTTTAACGTGGATGGTCAATAACGACGTTGTAATCC
ACTATTAAAG
3 12
TTTTTTTTTTTTTTTTTTTTCGAGATAGCACATTAATTGCGTTGCGCTCCAA
AAGAATAGCC
17 TTTTTTTTTTTTTTTTTTTTAGGTATCCTGTTTGATGGTCCCCAGCA
65
TTTTTTTTTTTTTTITTTTTTCCCTTAGAACATTTTGACGCTCAATCGTCATTA
ATTAATTTT
6 69
TTTTTTTTTTTTTTTTTTTTCGTTAAATTAAACAGGAGGCCGATTAAAGGTG
ATAAATAAGG
74 | TTTTTTTTTTTTTTTTTTTTAATGCTTTAAAATATTCATTGAATCTCCTTTGC
79
TTTTTTTTTTTTTTTTTTTTTGCAACAGTCAGATGAATATACAGTAACAGATT
AACACCGCC
9 104
TTTTTTTTTTTTTTTTTTTTCTCAGTACGCAGCACCGTAATCAGTAGCGTAG
CGGGGTTTTG
10 109
TTTTTTTTTTTTTTTTTTTTAGTATAGCCCGGAATAGGAGAAAATTCATATG
GTTTACCATA
11 113 | TTTTTTTTTTTTTTTTTTTTGCCTCAGAACCGCCACCCTTTTAGTAC
12 124
TTTTTTTTTTTTTTTTTTTTTTTATCCCGAGAATAGAAAGGAACAACTAAAC
AGCCATATTA
13 134
TTTTTTTTTTTTTTTTTTTTATCGGAACTCATCGAGAACAAGCAAGCCGAG
CGAAAGACAGC
14 144
TTTTTTTTTTTTTTTTTTTTATAGCGAGATCCATGTTACTTAGCCGGAACAT
AAAAACCAAA
15 153 TTTTTTTTTTTTTTTTTTTTTGTGAATGGTTTAATTTCAACTGCAGATAG
16 159
TTTTTTTTTTTTTTTTTTTTTATTAAGACGCCACCAGAACCACCACCAGTGA
AACATGAAAG
17 164 TTTTTTTTTTTTTTTTTTTTACCGAAATAAAGAAATTGCATTTGCAC
18 180 TTTTTTTTTTTTTTTTTTTTAATATGTGAGTGAATAACCGTACATAA
19 181 | TTTTTTTTTTTTTTTTTTTTCATTCTGACCTAAATTTATTTAGTTA
20 184
TTTTTTTTTTTTTTTTTTTTTCCAGACGGTAATAGTAAAATGTTTAGACTAAA
GTAATTCTG
21 186 | TTTTTTTTTTTTTTTTTTTTTAAGGCGGAACAAAGAAACCGTAACATT
22 188 | TTTTTTTTTTTTTTTTTTTTAGAGAATACCAAGTTACAATTCGCCTG
23 189 | TTTTTTTTTTTTTTTTTTTTGAGCAATAGTGAATTTATCAGACGCTG
24 192 | TTTTTTTTTTTTTTTTTTTTAGTATCATTCCAAGAACGGGGCTGTCT
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5. Handle sequences for SC12H

S.N. Handle position | Sequence
TTTTTTTTTTTTTTTTTTTTCACTACGTAGGATTAGAGAGTACCTTTAACA
1 4 | GGGCGATGGCC
TTTTTTTTTTTTTTTTTTTTCGAGATAGCACATTAATTGCGTTGCGCTCCA
2 12 | AAAGAATAGCC
TTTTTTTTTTTTTTTTTTTTAATGCTTTAAAATATTCATTGAATCTCCTTTG
3 74 | C
TTTTTTTTTTTTTTTTTTTTTGCAACAGTCAGATGAATATACAGTAACAGA
4 79 | TTAACACCGCC
TTTTTTTTTTTTTTTTTTTTCTCAGTACGCAGCACCGTAATCAGTAGCGTA
104 | GCGGGGTTTTG
113 TTTTTTTTTTTTTTITTTTTTGCCTCAGAACCGCCACCCTTTTAGTAC
TTTTTTTTTTTTTTTTTTTTATAGCGAGATCCATGTTACTTAGCCGGAACA
7 144 | TAAAAACCAAA
8 153 TTTTTTTTTTTTTTTTTTTITTGTGAATGGTTTAATTTCAACTGCAGATAG
9 180 | TTTTTTTTTTTTTTTTTTTTAATATGTGAGTGAATAACCGTACATAA
10 181 TTTTTTTTTTTTTTITTTTTITCATTCTGACCTAAATTTATTTAGTTA
11 189 TTTTTTTTTTTTTTITTTTTTGAGCAATAGTGAATTTATCAGACGCTG
12 192 | TTTTTTTTTTTTTITTTTTTITAGTATCATTCCAAGAACGGGGCTGTCT

6. Handle sequences for SC1H

S.N.

Handle position

Sequence

12

TTTTTTTTTTTTTTTTTTTTCGAGATAGCACATTAATTGCGTTGCGCTCCA
AAAGAATAGCC
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