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Abstract 

Data-driven design and prediction of adeno-associated virus 
tropisms 

by 

Weitong Chen (Jeron) 

Gene therapy is capable of treating diseases that are “undruggable” by small 

molecule drugs. At the center of gene therapy is the development of efficient and 

specific gene delivery vectors. For example, adeno-associated virus (AAV) based 

vectors are able to deliver gene therapeutics to many different types of cells due to 

their generally broad tropism. Unfortunately, there are some cell and tissue types 

that are resistant to AAV transduction, and delivery to off-target organs could lead 

to undesired side effects. Therefore, it would be valuable if we could engineer 

AAV vectors to transduce specific desired cells and to reduce delivery to off-target 

tissues. Furthermore, if we could predict how different AAV vectors will perform 

in different animal models, it would enable us to select the best virus to be used for 

certain applications. In this work, I have taken a data-driven approach to modify 

and engineer AAVs to be capable of transducing specific cells. Additionally, I 

describe a machine learning approach to predicting AAV in vivo biodistribution. 

Both approaches will help accelerate the design and screening of AAV for future 

gene therapy applications. 
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Chapter 1. Introduction 

 

Gene therapy treat diseases by replacing damaged or mutated DNA with functional 

copies of the gene. Many of the challenges facing gene therapies come from the 

successful and efficient delivery of gene therapeutics into cells [1]. Viruses are 

often used as a vector to deliver gene therapies for their high efficiencies. 

However, in order to engineer to most appropriate viral vector for gene delivery, 

we need to be aware of the safety profile as well as the tropisms of the virus vector. 

In order to ascertain the many aspects of viral vectors for gene therapy, we have 

used different engineering approaches to learn more about how viruses work and 

how to better tune the tropisms of different viruses for different applications. 

However, many of these researches have often led to large scale screening efforts 

to discover novel virus variants that have key characteristics for gene therapy 

applications through directed evolution. This process is very time and labor 

intensive, and often the results are not translatable to human therapies. To speed up 

the process of viral vector discovery for human applications, it is paramount that 
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we are able to rationally design libraries of virus variants to maximize the 

development of functional viral vectors by observing previous data. Additionally, 

being able to predict how viral vectors may perform in different applications will 

better inform us of the potential applications of different novel viral capsids. In this 

thesis I will be presenting methods to help address these challenges by leveraging 

machine learning tools to both design libraries as well as prediction of viral 

performances. 

In Chapter 2 of this thesis, I will be reviewing the different approaches used to 

understand and engineer viral vectors. In Chapter 3 of this thesis, I will be 

presenting a pipeline that uses a data driven approach to curate and construct a 

simple viral library that may have increased tropisms. In Chapter 4 of this thesis, I 

will be presenting a machine learning process to help predict how different viral 

vectors will behaving in in vivo animal models by studying the viral transduction 

profile in vitro. 

  



 11 
 

 
 

 

 

 

Chapter 2. Background 

2.1. Engineering viruses as controllable nano-devices 1 

The virus is nature’s tool for delivering foreign genetic material into a living 

organism. Many viruses are icosahedral or helical in structure and are composed of 

nucleic acids encapsidated in a protein shell. The protein shells are made up of 

multiple repeating subunits encoded by the viral genome. Some viruses are also 

enveloped, possessing an additional lipid membrane outside the protein capsid. 

Depending on the virus, the genome can be single- or double-stranded and 

composed of DNA or RNA. The protein capsid contains subunits ranging from 

tens to hundreds in number and can self-assemble spontaneously in some viruses. 

Altering the make-up of the individual subunits or the interaction between these 

subunits can lead to reprogramming of virus behavior. Viruses are often referred to 

as virus nanoparticles (VNPs) if they have been modified chemically or genetically 

to obtain some property that is different from that of the wild-type form, and virus-

like particles (VLPs) if they have had their genetic material removed and are non-

infectious [2].  

 

1 This section has been adapted from: M. Y. Chen*, S. S. Butler*, W. Chen*, J. Suh, Physical, chemical, and synthetic 
virology: Reprogramming viruses as controllable nanodevices. Wiley Interdiscip. Rev. Nanomedicine 
Nanobiotechnology, e01545 (2018).  
* equal contribution 
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In this background section, I will review some basic approaches used in the fields 

of physical and synthetic virology that have allowed us to understand and to 

reprogram viruses as controllable nanodevices.  

2.1.1. Physical virology 

Physical virology can be broadly defined as the study of virus structure and 

dynamics. The viral capsid plays an important role in carrying and protecting the 

genome of the virus and, thus, assembly of the capsid is pivotal to its propagation. 

Crick and Watson proposed that a spherical virus may take on an icosahedral shape 

to enclose a large volume with small repeating subunits comprised of one or a few 

repeating protein sequences arranged in a highly symmetrical manner [3]. This was 

shown to be true by Capsar in 1956 with his observation of the icosahedral bushy 

stunt virus (Caspar, 1956). Icosahedrons require 60 identical subunits with 

identical interactions with the neighboring subunits (Figure 2-1). However, viruses 

with more than 60 subunits have been observed. Caspar and Klug proposed in 

1962, the theory of quasi-equivalence, which explained how capsids with more 

than 60 subunits can still form an icosahedral shape [4], [5]. Due to this quasi-

equivalence in subunit-subunit interaction, the same initial protein subunits may 

also display conformational polymorphism in order to fit into the icosahedral 

capsid that can be classified using triangulation numbers (T) [5], [6].  

The field of physical virology is foundational to the creation of programmable 

virus-based materials. Viruses and their capsids are currently being reprogrammed 

for use in numerous applications, ranging from gene therapy, drug delivery, 

diagnostics, and immunotherapy. Each of these applications may have different 

requirements for capsid stability, metastability, and shape [7]. The study of capsid 

assembly and disassembly pathways, metastability, conformational switching 
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behaviors, and discovery of polymorphic structures provide insights into what may 

be possible. The quantitative design rules uncovered in physical virology can 

enable the proper engineering of synthetic viruses with completely new 

functionalities that are controllable and predictable. 

 

Figure 2-1: Quasi-equivalence and triangulation numbers of icosahedrons. (A) The 

icosahedron can be displayed as a hexagonal lattice. The arrangement of the 5-fold 

symmetry axes on this lattice gives the icosahedral shape its triangulation number, 

given as � = ℎ� + ℎ� + ��, where ℎ and � are vector coordinates (ℎ, � ∈ ℕ ≥ 0) 

defining the points of the 5-fold axes. (B) As an icosahedral shape gets larger, 

there are more subunits inside each equilateral triangle (blue outline), as shown by 

the T=1 and T=3 icosahedrons. All symmetrical contacts within the T=1 are 

equivalent, while those in higher T numbers are not [6]. This quasi-equivalence 

allows for the conformational polymorphism of the subunits in higher T numbered 

icosahedral capsids. For example, in the T=3 diagram, even though A, B, and C 
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subunits are virtually identical, the quasi-equivalence of A-C and B-B contacts 

indicated in the figure have bent and flat contact angles, respectively. This gives 

the pentamers (red subunits) a bent surface and the hexamers (green subunits) a flat 

surface to form the icosahedral shape. Adapted with permission from [8]. 

 

2.1.1.1. Capsid Assembly and Disassembly 

Capsid formation is a process that differs among viruses. For example, tobacco 

mosaic viruses (TMV) can spontaneously form infectious viral particles in the 

presence of the capsid proteins and RNA genome in vitro. Other viruses, such as 

some serotypes of adeno-associated virus (AAV), require assembly inside host cell 

nuclei with the help of assembly-activating protein (AAP) [9]. Once the capsid is 

assembled, the AAV genome is inserted into the shell by non-structural viral 

proteins in order to form infectious units [9], [10]. These examples illustrate that 

there are different pathways of capsid assembly, e.g., capsid assembly around a 

genomic template, or genome insertion into completed capsids. Unlike AAV 

serotypes that require the aid of AAP as described above, several other viruses that 

insert the genome post capsid formation (e.g., minute virus of mice (MVM), 

cowpea chlorotic mottle virus (CCMV), and hepatitis B virus (HBV)) can 

spontaneously form empty capsids from their viral proteins (VPs) in vitro. This 

spontaneous in vitro assembly of viral capsids has allowed the examination of 

different viral assembly kinetics.  

Many techniques have been used to visualize virus capsids in order to study the 

progression of capsid assembly and to measure the kinetics of spontaneous capsid 

assembly in vitro, such as size exclusion chromatography (SEC) [11]–[13], X-ray 



 15 
 

 
 

and light scattering [11], [14]–[17], cryo-electron microscopy (cryo-EM) [18], 

[19], and atomic force microscopy (AFM) [20]–[22]. It has been a challenge to 

capture the entire capsid assembly process, and many studies were only able to 

detect two-states of the capsid assembly process: complete capsids or small 

oligomers referred to as assembly units (AUs) [23]. The size of these AUs is 

subject to variation depending on the virus. For example, HBV, human rhinovirus, 

and MVM appear to have dimers, pentamers, and trimers for AU, respectively 

[22], [24].  

Due to the transient nature of the intermediate species of viral assembly, 

computational models and simulations have been valuable in elucidating the 

assembly pathways of different viruses. For example, a combination of in silico 

and in vitro experiments revealed that the ratio of complete capsid concentration to 

free AU concentration follows the law of mass action’s equilibrium concentration 

condition [25]–[27]. Since capsid intermediates are not readily observed 

experimentally, the concentration of intermediates can be considered negligible, 

and the relationship between completely assembled capsid and excess free floating 

assembly units AUs can be modelled with the two-state approximation, 

considering only the two states  - complete capsids and free AUs [23].  

[������] = [��]��������              (1) 

Equation 1 shows the equilibrium condition between the two states with [������] 

as the concentration of fully assembled capsid, ������� as the global kinetic 

constant for capsid association, [��] as the concentration of free assembly units, 

and � as the number of ��s in a completed capsid. The fraction of total AU that 

becomes incorporated into complete capsids, �, can therefore be given by 
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� =
�[������]

[���]
                 (2) 

with [���] being the total concentration of assembly units. Based on equation 1, 

the completed capsid concentration scales with the power of N. The steep 

concentration dependence on [��] resembles a critical concentration – a 

crystallization concept that describes the concentration below which no capsids are 

formed, and above which a “phase-transition” would occur where all ��� would 

assemble into capsids. However, as a consequence of the equilibrium condition in 

equation 1, there does not seem to be a maximum concentration limit for the [��], 

and capsid assembly would be possible at even low concentration. Therefore, the 

capsid assembly process is more accurately described using a pseudo-critical 

concentration, [��∗] – below which most [��] are free (� ≪ 1), and above which 

most ��s would assemble into complete capsids (� ~ 1 − [��∗] [���]⁄ ) [24], 

[27]. The pseudo-critical concentration also enables the calculation of Gibbs free 

energy of assembly, which can be used as a measurement of how stable the viral 

capsid is thermodynamically with the law of mass action: 

[��∗] ∝ exp �
���

���
�     (3) 

We can then use van’t Hoff equation to extract enthalpic and entropic contributions 

from the Gibbs free energy to find the driving force of capsid formation [25]. 

Through this analysis, it was discovered that HBV capsid formation is driven by 

entropy and that the weak interactions between the viral subunits are sufficient to 

induce stable capsid formation [23], [25]. 

To fully elucidate the steps that lead to complete capsid formation, Zlotnick and 

colleagues have formulated a system of rate equations that follow the nucleation 
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and elongation steps of polymer or crystal formation [28]–[30] which allows for 

the prediction of kinetic traps of capsid formation, as well as the hysteresis of 

assembly and disassembly [12], [29], [30]. This model also helps explain when and 

why capsid assembly can fail. If the association energy is high enough to prevent 

dissociation of AUs, the transient intermediates become too stable and the 

thermodynamics of the system becomes a barrier resulting in many half-formed 

capsids without sufficient numbers of free AUs to complete the formation of 

capsids, leading to a lower proportion of completed capsids. Alternatively, if the 

nucleation reaction happens too quickly, then there are too many starting sites and 

insufficient free AUs to complete all the partially formed capsids [23], [24]. Due to 

this insight, in silico modification to the forward reaction rate coefficient or 

association energies can rescue the capsid formation from the kinetic traps, helping 

to identify, predict, and perhaps optimize, the reaction conditions (e.g. protein and 

salt concentration, pH) required for successful in vitro capsid formation. 

Additionally, the nucleation step is fully compatible with Caspar’s autostery 

mechanism, where the free subunits of a capsid undergo a conformational change 

before becoming “activated” for assembly [31]. For a more rigorous review of 

kinetics and thermodynamics models of virus assembly please refer to [23], [24], 

[26], [27].  

The thermodynamic-kinetic analysis uncovered great insights into the pathway of 

capsid assembly. However, this treatment of capsid assembly is often difficult to 

recapitulate experimentally as many viruses are unable to form capsids 

spontaneously in vitro. Therefore, it has also been important to study capsid 

disassembly and measure capsid energies in these viruses. However, experiments 

have shown that completed capsids do not disassemble to the same fraction of AU 

that forms capsid, ��, that the assembly process would have reached given the same 
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concentration of total AUs. In fact, capsid disassembly needs to be induced using 

mechanical indentation [21], thermal denaturation [32], or chaotrophic salt 

solutions [12]. The process of disassembly appears to require more energy than the 

assembly process, and the measured free energy for disassembly is often higher 

than the free energy of assembly. This hysteresis between assembly and 

disassembly can be explained by the kinetic model of capsid assembly. While the 

global thermodynamics of the capsid drives disassembly, the local kinetics of the 

disassociated AUs favors association over disassociation, indicating that the capsid 

is thermodynamically unstable but kinetically stable, as was shown in HBV [12], 

[33].  

Recently, AFM indentation and thermal denaturation experiments have shown the 

accuracy of theoretical models in predicting the pathway of capsid disassembly for 

MVM, a small T=1 icosahedral virus [21], [22]. For a more in-depth review of 

mechanical indentation and perturbation of viral capsids using AFM, refer to the 

review by Roos et al. [34]. The disassembly of virus capsids appears to be 

dependent on serotypes, as various studies demonstrate that the capsid disassembly 

profile can be used to identify specific serotypes of the virus [35], [36].  

In summary, by using simple systems of rate equations, researchers have been able 

to develop a high-level view of the capsid formation and disassembly pathways 

which helps explain and predict capsid assembly and disassembly rates and 

extents. It also allows for the calculation of ΔG (Gibbs free energy) for capsid 

formation as well as subsequent thermodynamic analysis. By understanding the 

biophysical rules for natural capsid assembly and disassembly, currently existing 

viruses may be manipulated to exhibit altered assembly/disassembly behaviors, or 

synthetic viruses may be created from non-viral components that mimic the 

properties of natural viruses.  
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2.1.1.2. Capsid Metastability and Conformational 

Switching 

The hypothesis that viral capsids are kinetically stable but thermodynamically 

unstable makes intuitive sense in the context of the virus life cycle. A virus particle 

must be able to stay intact in environments with very few of its constituent AUs, 

like inside the host organism. It must be able to protect its genome from 

extracellular and intracellular defences of the host but must then disassemble to 

deliver its genome inside the appropriate host nucleus. Capsid metastability refers 

to the concept that the capsid is stable but is not in its most favorable energetic 

state, therefore allowing for disassembly or conformational changes to happen 

readily under the correct conditions.  

Metastability of the capsid is an important trait for many viruses. For example, 

metastability of the AAV capsid is critical for its infectivity. The AAV capsid is 

made up of three variants of viral proteins (VPs), with the common overlapping 

region VP3. VP2 has, in addition to the VP3 domain, a nuclear localization 

sequence at the N-terminus. VP1, the longest of the VPs, overlaps VP2 and has an 

additional phospholipase A2 domain on the N-terminus. The three variants exist in 

an approximate ratio of 1:1:10 (VP1, VP2, VP3)[16]. The N-termini of VP1 and 

VP2 subunits are not exposed on the capsid surface until a capsid conformational 

change occurs inside the host cell endosome. The newly externalized VP1 and VP2 

domains allow for endosomal escape and nuclear localization of the virus [37]–

[40]. AAV’s metastability has recently been harnessed to develop a platform of 

viruses able to externalize exogenous peptides upon activation [41]. Interestingly, 

mosaicism of the capsid – differing subunits assembling to form the capsid – 
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appears to be a requirement for obtaining robust activatable peptide display with 

AAV. 

The metastable properties of viral capsids have been exploited to package different 

cargo within the capsid lumen [42]–[44]. Interestingly, some viral capsids undergo 

structural swelling as the conformation of their protein subunits change under 

different pH or metal ion concentrations [45]–[47]. For example, CCMV can 

expand as much as 10% radially when the pH is raised from pH 5 to 7 in the 

absence of divalent cations (Figure 2a) [48]. This swelling results in the formation 

of larger pores in the capsid, allowing therapeutics or imaging agents to gain entry 

into the capsid lumen and subsequently become entrapped upon reversal of the pH 

[42], [44], [48]. Future studies investigating, harnessing, or reprogramming the 

viral capsid’s metastability may yield VNPs with new functional properties for 

biotechnological or biomedical applications. 
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Figure 2-2: Capsid metastability and polymorphism. (A) CCMV swells up when 

the solution pH is increased from pH 5 to pH 7 at low ionic strength without 

divalent cations, allowing larger pores to form on the capsid. These pores can be 

used to pack therapeutics or imaging agents inside the viral capsid for delivery. 

Figure adapted with permission from [46]. (B) TMV particles of different lengths 

can be generated by assembly in vitro with RNA of different lengths with high-

affinity Origins of Assembly. The TMV particles of different aspect ratios can be 
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visualized with electron microscopy. Scale bar is 100nm. Figure adapted with 

permission from [49].  

2.1.1.3. Capsid Polymorphisms and Geometries 

Virus capsids exist as metastable structures that display polymorphic behavior. The 

interplay between thermodynamic and kinetic stability create an energy landscape 

with multiple local minima. The same capsid subunits can give rise to multiple 

forms, each falling into a locally stable conformation and geometry. This 

polymorphism has been directly observed in viruses that form spontaneously in 

vitro, such as HBV [50], [51] and nodavirus [52]. Using thermodynamics and 

kinetics equations [53], [54], as well as molecular dynamics modelling [54], [55] 

researchers are trying to further elucidate the spontaneous assembly processes of 

viral capsids that lead to polymorphic structures.  

HBV is a well-characterized virus that displays this polymorphic property. 

Complete HBV capsids with different numbers of VPs can be formed with 

different icosahedral triangulations numbers, T=3 and T=4 [50], [51], [53]. While 

the two capsids have different amounts of VPs, their stabilities are identical 

through AFM indentation studies [56]. Recent work using coarse-grain 

thermodynamics to model the formation of T3/T4 HBV capsids successfully 

recapitulated the distribution of the HBV capsid dimorphism [53], [57]. 

TMV is a rod-like virus that can be tuned geometrically for different applications. 

TMV can form infectious virion spontaneously in the presence of its RNA genome, 

a high-affinity origin of assembly, and free VPs [2], [49]. By tuning the length of 

the RNA genome, TMV particles with different numbers of VPs can be generated, 

resulting in TMV rods of various lengths (Figure 2-2b). Interestingly, TMV 
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particles with different aspect ratios result in different in vivo biodistribution, 

tumor homing, and longevity [49], [58]. Additionally, Bruckman et al. was able to 

form spherical particles from TMV to create a potent MRI imaging agent delivery 

system [59]. 

Studying the polymorphism of viral capsids have increased our understanding of 

how virus capsids assemble. Further work in this area may allow us to develop an 

even greater repertoire of virus subunit-based nanodevices with different 

morphologies and configurations for packing different cargos. Through the 

understanding of capsid metastability, we have seen that viral capsids can respond 

differently in different physical (e.g. temperature) and chemical (e.g. pH) 

environments. To further control viral capsid’s interactions and responses to the 

local environment, we can use methods from the field of synthetic virology. 

2.1.2. Synthetic virology 

Synthetic virology applies concepts and tools from engineering in order to program 

new functionalities into viruses [60], [61]. The design approaches fall broadly into 

three main categories: 1) rational design, 2) directed evolution, and 3) 

bioinformatics-driven design. Although the approaches can be distinct, there are 

natural synergies at the interfaces of the three resulting in combination strategies, 

such as using bioinformatics analysis to guide how virus libraries are generated for 

directed evolution paradigms. Another important perspective in synthetic virology 

is to conceptualize viruses as nanoscale devices that detect endogenous/exogenous 

inputs and produce desired output responses. The reader is referred to other 

reviews that focus on biomolecular computation by nanoplatforms [61] and various 

endogenous and exogenous stimuli that can be used to control virus function [62]. 

In this section, I will focus on capsid modification of viral vectors.  
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2.1.2.1. Rational Capsid Design 

In general, rational design strategies use prior knowledge of the virus and of 

functional “parts” that can be incorporated into the virus capsid in order to endow 

new abilities onto a viral particle. This section will focus on peptides and proteins 

that have been genetically integrated into virus capsids. Some of the earliest 

research on creating synthetic VNPs focused on targeting viruses to different 

cellular receptors, and the reader is referred to other reviews that cover these 

approaches [63]. Here, we will discuss rational design strategies used to render the 

virus bioactivatable in response to extracellular or intracellular stimuli.  

Matrix metalloproteinases (MMP) are upregulated in sites of many diseases 

including various cancers [64]. MMP-responsive viruses have been engineered to 

accept the extracellular input of protease activity, resulting in the output of targeted 

transduction to these disease sites [61]. One of the first protease-responsive viruses 

developed was based on the Moloney murine leukemia virus (MMLV) [65]. The 

virus displayed an EGFR-binding antibody fragment which was attached to the 

viral envelope via an MMP-cleavable sequence. These engineered MMLV vectors 

were sequestered to the cell surface, unable to internalize into cells, until there was 

sufficient MMP activity to cleave the antibody fragments off from the virus 

envelope, allowing the virus to internalize and transduce the host cell [65]. 

Therefore, the MMLV would be infectious only in an area of high MMP activity, 

such as at diseased sites. Subcutaneous tumor models have been shown to respond 

to intratumorally injected MMP-activatable MMLV vectors [66]. The general 

concept has been expanded to create protease-activatable avian influenza virus 

[67], measles virus [64], and AAV [68].  
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Several variants of protease-activatable AAV vectors have been developed. The 

general design involves insertion of a “peptide lock”, containing two MMP-

cleavable sequences flanking an “inactivating sequence”, into the AAV capsid 

such that the peptide lock blocks the cell binding domain of the virus. The 

inactivating sequence, comprised of four aspartic acid residues, serves to block 

cellular receptor binding and is removed in the presence of high MMP levels. 

Initially, it was hypothesized that the negative charge of these amino acids plays an 

important role in electrostatically repelling the virus capsid interaction with the 

negatively charged cell surface heparan sulfate proteoglycans. However, further 

studies demonstrated amino acids of other chemical properties can also function as 

an inactivating motif, but the resulting vectors experience deficiencies in capsid 

formation [69]. One problem faced by the protease-activatable AAV vectors is that 

transduction efficiency does not return to that of the wild-type virus once the locks 

are cleaved. Thus, protease-activatability is achieved at the cost of decreased gene 

delivery efficiency. One potential way to overcome this problem is to create 

mosaic vectors that have mixed capsid subunits [70]. When mosaic capsid vectors 

with varying ratios of protease-activatable and wild-type (wt) AAV subunits were 

generated, it was found that increasing the ratio of wt to protease-activatable 

subunits results in higher transduction efficiency but at the price of higher 

efficiencies even in the locked state [70]. Therefore, the mosaic capsid approach 

alone is not the optimal solution for obtaining AAV vectors that are both protease-

activatable and highly efficient in transduction. Interestingly, the protease-

activatable AAV vector displays a nonlinear input-output function such that 

majority of the inserted peptide locks need to be cleaved off the capsid to achieve 

half of the maximum activation level. This nonlinearity allows for the 

programming of logic gates, such as an AND gate that results in vectors able to 

deliver transgenes only when certain combinations of MMPs, such as MMP-7 and 
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MMP-9, are present [68]. Overall, protease-activatable AAV is a viable vector 

platform that is currently being optimized for therapeutic use and target specificity.  

In addition to extracellular proteases, viruses can be designed to be responsive to 

other types of stimuli. For example, the intracellular AAV transduction process has 

been engineered to be activatable by light [71]. The system uses the interaction 

between Phytochrome B and Phytochrome interacting factor 6 (PIF6) to create 

VNPs that translocate into the nucleus more efficiently under activating light 

conditions. Phytochrome B and PIF6 associates under red light and dissociates 

under far-red light. The phytochrome B used in this study was designed to display 

a strong nuclear localization sequence that can help PIF6-modified AAV vectors to 

translocate from the cytoplasm into the nucleus upon exposure to red light, thus 

increasing gene expression. The use of photomasks together with the engineered 

system allows for controlled areas of high gene expression  [71], [72].  

While the prior two examples demonstrate reprogramming the input of viral 

vectors, the output of viral vectors can also be reprogrammed in a rational manner. 

The AAV capsid undergoes a natural conformational change inside the host cell 

endosome due to low pH and other unknown factors [73]. Specifically, the N-

termini of VP1 and VP2 capsid subunits are initially hidden but then are 

externalized onto the capsid surface upon internalization into the cellular 

endosome. By creating a series of truncated VP2 capsid subunits, VNPs with 

variable abilities to perform activatable peptide display were generated (Figure 

2-3) [41]. Mosaic capsids with different ratios of activatable and wt subunits 

display a wide range of behaviors, with some VNPs displaying peptides in a 

“brush-like” configuration that is always externalized and others displaying 

peptides only upon activation. The reprogrammed AAV vectors with variable 
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peptide display behaviors may be used in the future to deliver peptide therapeutics 

and modulate vector properties such as specificity and immunogenicity.  

 

Figure 2-3:  Reprogramming a conformational switch-based output of the AAV 

capsid. Truncated VP subunits with hexahistidine (his) tags at the N-termini were 

generated based on the AAV capsid. Upon incubation at different temperatures, 

capsids with surface-displayed his tags were captured with a nickel column. The 

wild-type capsid undergoes the structural conformational change upon incubation 

at ~60⁰C. Depending on the composition of the mutant AAV capsids, some capsids 

display his tags prior to activation (always “ON”) whereas other capsids display 

activatable peptide display (“activatable”). Reprinted with permission from [41]. 
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2.1.2.2. Directed Evolution of Virus Capsids 

Directed evolution is a method that mimics natural evolution by utilizing rounds of 

mutation and selection to identify mutants that meet a user-defined goal [74]. 

William Stemmer published one of the most commonly used protocols for directed 

evolution [75] and was the pioneer of many of its applications in bacteria [76], 

retroviruses [77], and enzymes [78]. Directed evolution can be performed with 

various mutagenesis strategies, including random point mutation (e.g. error-prone 

PCR), DNA recombination (e.g. DNA shuffling), and random peptide display. For 

more details, the reader is referred to an in-depth review of directed evolution of 

viral vectors [79].  

Several viruses have been subjected to directed evolution, including Adenovirus 

(Ad) (Kuhn et al., 2008), AAV [80], HSV [81], MLV [77], and TEV [82]. In one 

recent study, the capsids of all AAV variants known to transduce the central 

nervous system were shuffled to create a virus that could yield efficient in vivo 

oligodendrocyte gene transfer [83]. Cancer-specific viral therapies have also been 

developed using directed evolution. For example, an ovarian cancer targeting 

adenoviral vector, OvAd1, has been developed through directed evolution. 

Random mutagenesis was conducted on the Ad binding knob to create an 

adenovirus library which was then added to a 3D culture of ovarian cancer cells to 

select for a viral variant with improved infectivity [84].  

Structural information about the virus capsid can be used in combination with 

directed evolution to improve viral properties. Strategies involving structure-

guided design depend on protein structures resolved via NMR spectroscopy, X-ray 

crystallography, or cryo-electron microscopy with reconstruction. For example, 

cryo-reconstruction of the AAV1 capsid with bound neutralizing antibodies 
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enabled the identification of antigenic epitopes on the capsid. Using this 

information, the amino acids within the epitopes were randomized to create a 

library of AAV vectors, and selection of the library led to the isolation of 

antigenically diversified AAV vectors called AAV-CAM variants [85]. In 

neutralizing antibody assays with immunized mouse serum, multiple AAV-CAM 

mutants are able to transduce cells at lower serum dilutions (i.e. higher antibody 

concentrations) than the parent wild-type AAV1 capsid. 

Overall, directed evolution of viral capsids is a useful design strategy when not 

enough a priori information is available to achieve performance goals. Through 

generation of large libraries of viruses and application of carefully designed 

selection and screening procedures, new viral variants with desired phenotypes 

may be obtained.  

2.1.2.3. Bioinformatics-Driven Capsid Design 

Computational methods to aid the design of viral vectors can be categorized into 

sequence-based and protein structure-based tools. For example, AAVs are 

classified into serotypes and clades through phylogeny, genetic, and functional 

similarities [86]. Alignment of the different AAV serotype capsid genes shows 

there is a high level of homology between different serotypes, and phenotypic 

differences in viral properties are likely caused by the small differences in their 

genotypes. Specifically, substantial progress over the last several decades has 

uncovered that phenotypic divergences in wild type AAV serotypes are correlated 

with hypervariable loop regions in the capsid [87], [88]. Modification of these 

highly variable regions has led to the discovery of novel viral properties [89], [90]. 

For example, an AAV capsid library was generated by altering only the variable 
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surface loops of AAV2, and upon selection a mutant able to transduce glial cells 

was identified [91].  

Virus capsid sequence alignments can also be combined with phylogenetic 

analyses to create new ancestral variants from known relatives. These algorithms 

were used to generate and compare a library of ancestral AAV variants which were 

more thermostable than all and more infectious than some of the currently 

available serotypes [92], [93]. Notably, a promising AAV ancestor named Anc80 

was created through an ancestral library approach [88]. Anc80 is a theoretical 

ancestor at the evolutionary break between AAV4 and AAV5 and the other 

commonly used serotypes. Despite being based on extant AAV serotypes, Anc80’s 

capsid structure is significantly divergent with a much higher melting temperature. 

Anc80 has been used to transduce hair cells in the cochlea with high efficiency, 

and as a result Anc80-based vectors look promising for treatment of the hearing 

impaired [94].  

In addition to using already available sequence data of viral variants, next 

generation sequencing (NGS) methods with barcoded AAV libraries can be used to 

provide more information regarding viral genotype-phenotype linkages. For 

example, almost 200 AAV capsid variants each packaging a different genetic 

barcode was generated, mixed together into one vector library, and the AAV 

barcoded library was injected in vivo [89]. This approach, named AAV Barcode-

Seq, allowed for high throughput characterization of the biodistribution of each 

AAV variant. Further research using an approach like AAV Barcode-Seq may be 

able to uncover new sequence-function relationships in viral capsids on a faster 

timescale. 
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Bioinformatic tools can also be applied to protein structure instead of to protein 

sequence. A structure-based computational tool is SCHEMA, a method used to 

predict optimal cross-over points for generation of DNA shuffled libraries. Using 

3D structural information, SCHEMA calculates the number of residue-to-residue 

contacts that are broken upon recombination. Minimizing the number of broken 

contacts during recombination should increase the chances for creating structurally 

intact viral progeny. This algorithm has been used on AAV capsids to generate 

new chimeric capsids [95] and mutants with new behaviors, such as the ability to 

transduce neural stem cells [96]. Currently, resolving viral protein structure and 

function is a highly developing field. As technologies improve and more 

fundamental information of capsid structures is revealed, structure-based design 

strategies will likely become more popular. 
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2.2. AAV in gene therapy 

Our lab works with AAV as a viral gene delivery platform. AAV is a small 

dependovirus that is about 25nm in diameter and has a single-stranded DNA 

(ssDNA) genome size of around 4.7kb. Both sense and anti-sense of the ssDNA 

are equally packaged during virus formation and equally expressed during 

infection [97]. It cannot replicate on its own and requires the co-infection of a 

helper virus like Ad. In fact, it was discovered as an Ad isolated contaminant 

in1964 [98]. It has a broad tropism and can transduce both dividing and non-

dividing mammalian cells [99]. It elicits limited immune response and is not 

known to cause any diseases. The capsid is also very stable at even acidic pH and 

high temperatures [100]. These characteristics make AAV an attractive candidate 

to be developed as a gene delivery vector.  

2.2.1. AAV genome 

While many of AAV’s properties make it an attractive gene delivery vehicle, the 

small size of the virus can restrict the delivery of larger genes like CRISPR/Cas9 

[101]–[103]. The size of the AAV genome is around 4.7kbp. However, this does 

not mean it can deliver a gene that is 4.7kb in length. For effective packaging of 

the desired gene into AAV during virus formation, the transgene cassette must be 

flanked by inverted terminal repeats (ITRs) which are 145bp long in AAV2. 

Additionally, for the desired transgene to be highly expressed, a strong 

constitutively active promoter (e.g. Cytomegalovirus promoter/enhancer (CMV) 

800bp) and terminator signals (e.g. simian virus 40 (SV40) polyadenylation tail 

193bp) are also added, therefore further limiting the size of the delivered 

transgene. Many studies have been able to overcome this size limitation by co-

transduction of multiple AAVs to deliver larger genes [102], [103].  
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The AAV genome consists of 3 components: ITR, rep, and cap (Figure 2-4). The 

rep and cap regions have a total of 3 open reading frames (ORF) and are driven by 

3 different promotors (p5, p19, and p40) [104], [105]. The p40 promoter drives the 

transcription of a capsid transcript with 3 different splice sites to form 3 different 

splice variants encoding for the viral coat proteins VP1, VP2, and VP3 [106]. VP1, 

VP2, and VP3 shares a common region that is the entirety of VP3, while VP2 has 

an additional N-terminal sequence which contains a nuclear localization sequence 

(NLS) as well as a recently discovered alternate ORF encoding a nonstructural 

protein, the assembly-activating protein (AAP) [9], [107]–[109]. VP1, the largest 

viral protein, overlaps with VP2 and has an additional N-terminal domain which 

contains a phospholipase A2 domain (PLA). Interestingly, VP2 appears to not be 

important for capsid formation or infectivity as its functions are fully contained in 

a capsid containing VP1 and VP3 [110]. These three viral proteins form a T=1 

icosahedral structure with 2, 3, and 5-fold symmetries containing 60 viral proteins 

with the ratio 1:1:10 (VP1:VP2:VP3). The p5 and p19 promoters drive the 

transcription of rep78, and rep52, non-structural proteins located in the rep region 

of the AAV genome and these transcripts can undergo mRNA splicing to produce 

rep68 and rep40 nonstructural proteins, respectively [111]–[113]. These 

nonstructural proteins (rep proteins and AAP) are essential for the AAV life cycle 

and are responsible for different essential steps in AAV replication: 1) rep78 and 

rep68 mediate AAV integration into AAV-integration-site-1 (AAVS1) located on 

human chromosome 19 in the absence of helper virus like Ad, and 2) rep78 and 

rep68 mediate AAV gene replication, 3) AAP is required for successful capsid 

formation for some serotypes, and 4) rep52 and rep40 mediate packaging of ITR-

flanked single-stranded DNA into the complete capsid.  
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Figure 2-4: AAV genome and the required DNA for AAV vector formation. (A) 

The transcripts of AAV2 showing the rep and cap transcripts as well as the 

promoters responsible for driving the transcription. Image from ref [105].  B) AAV 

vector is produced by putting the gene of interest between a promoter and a 

polyadenylation (pA) sequence which are flanked by the ITRs. The rep, cap, and 

helper genes are provided in trans. Reprint from ref [114]. 
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2.2.2. AAV vector production 

In the absence of a helper virus like Ad, AAV2 is capable of site-specific insertion 

in human chromosome 19 [115], [116]. AAV requires a helper such as Ad to 

replicate in host cells. In the absence of the helper virus, there is very limited AAV 

replication and gene expression [104]. Indeed, AAV uses the DNA replication and 

anti-viral elements of the helper virus to start its life cycle, more specifically the 

E1A, E1B19K, DNA binding protein (DBP), E4ORF6/7, and VA RNA I and II 

from Ad [117]. Many early works with AAV involve the interaction between the 

AAV replication machinery with the proteins of Ad [118], [119]. As Ad can elicit 

a high immunogenic response, it must be separated efficiently from the AAV stock 

produced this way before being used in clinical studies. To eliminate Ad 

contamination of AAV stocks, only genes encoding for essential Ad proteins 

required for AAV assembly are provided in trans [117], [120]–[123].  

To further reduce the amount of in trans DNA to provide for AAV production, the 

cell lines HEK293 and its derivatives are commonly used for AAV production as 

they have the E1A and E1B regions of Ad incorporated into the genome of the cell 

line [124]. For AAV production with these cell lines only DNA binding protein 

(DBP) in the E2A region and the ORF6/7 of the E4 region need to be provided in 

trans as a helper plasmid (Figure 2-4b) [117], [125]. Therefore, to grow AAV in 

the laboratory, we can simply transfect the virus packaging cell line, HEK293, with 

the AAV rep and cap genes and the helper plasmid. To create AAV vectors with 

the transgene of interest, we can also remove the rep and cap genes and provide 

them in trans, then provide the transgene with a promotor and a polyadenylation 

signal in between the ITRs. This process produces AAV vectors that package the 

transgene of interest without producing the highly immunogenic Ad at the same 
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time [125]. Moreover, this AAV vector is also impervious to replication even in 

the situation of Ad infection of the patient as it lacks both the rep and cap genes 

required for replication. However, in the unlikely event that wild type AAV and 

Ad co-infections happens at the same time, the AAV vector with the transgene of 

interest may be replicated and form more AAV vectors using proteins provided by 

the wild type AAV and Ad. 

2.2.3. AAV transduction pathway and receptor 

interactions 

AAV has evolved to efficiently overcome the host cell’s natural defenses to 

successfully deliver its genome. With AAV, it was discovered cell entry is not 

equivalent to successful transduction, which is to say viral entry is not the only 

determinant of tropism –  subsequent intracellular steps are also important in the 

successful transgene expression [126], [127]. AAVs often require the binding of 

co-receptors on the surface of cells before clathrin-mediated endocytosis (one of 

the major pathways into the cell). These receptors are often the carbohydrate 

moieties on glycoproteins, glycosphingolipids, or proteoglycans [127]. For 

example, AAV2, AAV3, and AAV6 bind to heparan sulfate proteoglycan (HSPG), 

AAV1, AAV4, AAV5 and AAV6 bind to sialic acid while AAV9 requires terminal 

N-linked galactose (Table 2-1) [128]–[132].  

Clathrin-mediated endocytosis will engulf the receptor bound virus, enclosing the 

virus in an endosome [127]. The endosome is then transported by the cytoskeletal 

network within the cell towards the nucleus [133]. The vesicle trafficking of the 

endosome is a complex process. Additionally, the pH of the endosome becomes 

more acidic as it develops into a late stage endosome and experiments showed that 

AAV undergoes endosomal escape in this later stage of endosome progression 
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[127], [134]. Additionally, experiments done by Bartlett et al. show that if the late 

endosomal transition is blocked using brefeldin A or MG132, there is a significant 

decrease in transduction efficiency, indicating that escaping late stage endosome is 

essential for a successful transduction [127]. A similar result was observed when 

the pH of the endosome is increased using ammonium chloride or Bafilomycin A1 

[127]. 

Table 2-1: Receptors and coreceptors required by different AAV serotypes for 

transduction [128]–[132], [135]. 

 

Subsequent studies have shown that the viral capsids metastability allows for 

significant conformational change without causing the capsid to in the acidic 

environment of the late stage endosome. This process appears to externalizes the 

PLA2 and the NLS domains found on VP1 and VP2, which are responsible for 

escaping the endosome and for partitioning to the nucleus respectively [37], [39], 
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[73], [133], [136], [137]. AAV’s metastability has recently been harnessed to 

develop a platform of viruses able to externalize exogenous peptides upon 

activation [41]. Interestingly, mosaicism of the capsid – differing subunits 

assembling to form the capsid – appears to be a requirement for obtaining robust 

activatable peptide display with AAV [41]. 

After escaping the endosome, AAV can be subject to Golgi-mediated capsid 

processing, as shown by Bantel-Schell et al. with AAV5 in HeLa cells [138]. The 

released AAV capsid with externalized NLS domain was thought to be then 

imported into the nucleus through the Nuclear Pore Complex (NPC) [108], [139], 

[140]. Gomez et al. increased the transduction efficiency of AAV by attaching the 

NLS signaling molecules to AAV capsids using a light activatable reaction [71]. 

After getting into the nucleus, the AAV capsid must undergo disassembly to 

release the packaged ssDNA. Capsid stability and the rate of capsid disassembly 

have been shown to influence the transduction efficiencies of some AAV serotypes 

[35], [40].  Following the release of the genome, the ssDNA will undergo second 

strand synthesis, making the ssDNA of AAV into dsDNA for transcription and 

subsequent translation (Figure 2-5Figure 2-5: Hypothesized transduction pathway 

of AAV. Reprint from ref. [150] with permission from Elsevier.) [40], [127], 

[141]. This process of second strand synthesis has also been shown to be an 

influencer of transduction efficiencies, and as a result self-complementary 

transgene cassettes (i.e. scGFP cassette) were developed to increase transduction 

efficiencies for AAVs by removing the need for second strand synthesis as the ss 

DNA can fold upon itself to form dsDNA [142], [143]. Interestingly, the physical 

properties of the scDNA cargo allows the capsids to be more stable as the double 

stranded DNA is able to provide more structural support and reduce the internal 

pressure on the AAV capsid [32]. 
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There are many different steps within the transduction process that can alter 

transduction efficiency. When engineering virus capsids for tropism, we need to 

carefully consider all these factors. However, while viral entry is not the only 

determinant for transduction, it is important to note that without the binding and 

cell entry step, successful transduction is very unlikely. Hence, many studies 

focused mainly on using receptor recognition of AAVs to control tropisms in vivo 

[129], [144]. Indeed, in 2016, a receptor termed universal AAV-Receptor (AAVR) 

was discovered [145], [146]. However in 2017, it was discovered there are 

alternate routes to successful transduction that is independent of AAVR [147]. 

More recently, researchers have used CRISPR/Cas library knockdown with a large 

gRNA library to randomly knockout different genes in cells to see which ones will 

affect the tranduction of various AAVs. Such studies have identifed Crb3, 

GPR107, and GRP108 as important genes required for AAV transduction [148], 

[149]. This highlights our limited knowledge and understanding of AAV 

transduction pathways even to this day.  
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Figure 2-5: Hypothesized transduction pathway of AAV. Reprint from ref. [150] 

with permission from Elsevier. 

2.3. AAV capsid engineering 

The previous section detailed the different ways the AAV capsid plays a role in 

delivering the DNA cargo to target cells successfully. The capsid is not only 

responsible for protecting the genomic cargo, but also to direct delivery to specific 

tissue, evade the host immune response, and to release the genome after nuclear 

localization. Each of these steps can affect the transduction efficiency of AAV. 

Many studies have sought to manipulate AAV through capsid modifications for 

achieving specific tropisms or evading neutralizing antibodies (NAb).  
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Currently, there are over 100 different AAV natural isolates from both human and 

nonhuman primates [86], [151]. Of these different variants, 13 serotypes have been 

identified and are widely used for studies both for a fundamental understanding of 

AAV transduction mechanics and immune system evasion [152], [153]. Protein 

structures of various AAV capsids were resolved using cryo-EM, and the AAVs’ 

divergent properties between serotypes such as NAbs evasion and cell receptor 

recognition were determined to be the product of the highly variable surface loop 

regions [135], [151], [153]. As we understand more about the capsid’s structural 

functionalities, we begin to be better able to engineer AAVs for specific purposes, 

whether to evade NAbs or for specific tissue tropisms [154], [155]. 

As mentioned earlier, AAV tropism is controlled by many factors and can be 

affected by many steps along the transduction pathway. Knowledge of the surface 

exposed residues, and therefore residues that may interact with host components, 

became an important research topic. Zhong et al. used a rational design approach 

to modify the surface exposed tyrosine residues to phenylalanine residues to 

increase transduction efficiency of AAV2 by reducing tyrosine phosphorylation 

[156], [157]. Many studies modified the surface receptors to increase tissue 

specificity by replacing different surface exposed loops from different AAVs into 

AAV2. AAV2.5 and AAV2i8 are two examples of many variants that were created 

using this rational design approach. AAV2.5 has four residue substitution 

mutations and one insertion mutation from AAV1 surface variable loops identified 

using alignment of the sequences. AAV2i8 replaced AAV2 residues at position 

585-588 on its surface with the analogous loop from AAV8. 

The above rational designs were informed through structural and sequence 

alignment of the various AAVs to identify the divergent regions for both sequence 

and structural conformation. Using such a bioinformatics approach for identifying 



 42 
 

 
 

capsid regions of interests is powerful, and it can be used to design capsids 

completely in silico. This idea was used by three different groups who published in 

rapid succession between August 2015 and March 2016 where the authors used in 

silico construction of phylogeny trees of different AAVs from their amino acid 

sequence to infer the ancestral AAV sequences and create possible sequences of 

new AAV variants [88], [92], [93]. For example, Zinn et al. used the sequence 

alignment of 75 different AAV isolates to produce a phylogeny map to infer the 

ancestral AAV sequences for AAV serotypes 1, 2, 3, 7, 8, and 9 to recreate various 

AAV ‘ancestral’ variants (e.g., Anc80) [88]. Anc80 was found to be exceptionally 

effective at transducing ear hair cells [158]. 

While experiments based on rational designs have yielded many promising AAV 

vectors (e.g. 2i8, 2.5, and Anc80), there is still much about AAV that we do not 

know. Hence, there are many labs that use combinatorial viral libraries to perform 

exploratory searches for AAV variants with specific tissues tropisms or NAb 

evasion properties. The libraries can be made by randomizing sequences in a single 

AAV serotype using techniques like error-prone PCR [159], saturation mutation of 

a region, or peptide-display library insertion [160]. Alternatively, large scale AAV 

libraries can also be generated through random recombination of DNA from 

different AAV genotypes using DNA shuffling [85], [88], [167], [90], [91], [161]–

[166]. These libraries are then subjected to multiple rounds of transduction 

selection with Ad co-infection either in vitro or in vivo to amplify and select for 

AAV that is most successful in transducing specific tissues or cells by applying 

various selection pressures, like specific tissue type or the presence of NAbs [91]. 

Several promising AAV variants produced using this combinatorial library 

approach are now being widely investigated for gene delivery applications in 

various disease models (e.g. AAV PHP.B, AAVLK03, AAV-DJ). 
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2.4. Next Generation Sequencing 

The use of combinatorial capsid libraries for AAV discovery requires keeping 

track of what viruses were made and the relative concentration of different viruses 

at each stage of the selection or screening. This is important for identification and 

isolation of the AAV variant of interest. These libraries can contain > 10� unique 

AAV capsids. Thus high-throughput methods for sequencing these variants are 

needed. Using Illumina Next Generation Sequencing (NGS), massively 

parallelized sequencing of libraries can be performed[168]. 

NGS can be used for identifying different AAVs in the heterogeneous virus pool 

by introducing a unique identifier, like a barcode, in the transgene. From the 

transduced cells or tissues, viral genomes can be isolated and amplified by PCR 

and sequenced using NGS to identify successfully transducing vectors based on 

barcode expression. Based on the relative abundance of each barcode, transduction 

efficiency of each virus vector in the pool can be inferred. The process of amplicon 

generation for NGS requires P5 forward and P7 reverse adaptors to be attached to 

the extracted viral genomes by PCR. These adaptor regions enable amplicon 

binding to flow cells of an Illumina NGS machine.  Each amplicon is then 

amplified in a cluster around the originally attached sequence to increase the signal 

(Figure 2-6 a). Sequencing then is initiated through flooding of the flow cells with 

fluorescently labelled nucleotides A, C, G, and T, each having a different color, 

and polymerase. Upon successful incorporation, each nucleotide will emit a 

specific wavelength of light that can be detected by the sequencer. (Figure 2-6 b). 

This process is repeated for a preset number of runs based on the machine’s 

capabilities for different read length. The sequence of color emissions detected by 

the machine enables the determination of the DNA sequence of each individual 
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amplicon. This process is known as sequencing by synthesis. Using bioinformatics 

and alignment post-sequencing, we can calculate the relative concentration of the 

different DNA sequences in our sample (Figure 2-6 c). 
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Figure 2-6: NGS work flow. (A) Following the generation of DNA fragments with P5 and P7 

adaptors, the DNA amplicons are able to bind to the flow cells. Rounds of PCR to form clusters 

around the original DNA strand will help improve fluorescent signal for the subsequent 

sequencing. B) dNTP conjugated with a specific fluorophore to indicate the addition of specific 

nucleic acid. This signal is read and recorded. The fluorophore is then cleaved for the next round 

of extension and sequence read out. C) The typical bioinformatic pipeline for analyzing the data. 

The fluorescent signals are translated into sequence data with the quality of read (signal strength) 

for each element in the sequence. After quality control (removal of bad reads) the curated 

sequencing files are aligned with parental sequences, and from this, we can measure the relative 

initial concentration of the pool of amplicons analyzed. Figure from ref: [169], (CC BY NC ND). 
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2.5. Challenges of AAV gene therapy 

AAV can transduce many different types of cells. For gene therapy, this broad 

tropism of AAV is a double-edged sword. For therapies that do not require targeted 

gene delivery, AAV vectors allow for broad tissue transduction and consequently, 

more abundant gene expression. For example, this would be beneficial for treating 

diseases like hemophilia through the delivery of factor IX since the product is 

secreted into systemic circulation. However, therapeutic approaches in which the 

transgenes that are being delivered are potentially harmful, a more targeted 

strategy would be required. For example, strategies which promote cell growth or 

the induction of apoptosis, would require a higher level of precision to prevent 

deleterious off-target effects. 

The process of using either rational or combinatorial approaches for AAV vector 

design requires the screening of the virus variants both in vitro and in vivo. 

Although the library approach can discover new potential AAV capsids with 

desired characteristics based on selection pressure (such as tropism or NAb 

evasion), effective screening of the library requires multiple rounds of guided 

evolution with selection pressures followed by DNA harvesting and amplification, 

which is time intensive and laborious. In small animal models like mice, this 

process is possible and harvesting the organs of mice is relatively simple. 

However, this process is not effective for larger animal models, like nonhuman 

primates, and is impossible in human studies. Indeed, there is no systematic way of 

predicting how AAV vectors will behave in human physiological environments 

[170].  

One of the major challenges with using AAV in humans is the presence of pre-

existing NAbs in humans [171], [172]. One study showed that over 70% of human 
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were seropositive towards one or more serotypes of AAV. Thus, using AAV in 

patients who have existing NAbs, either through previous natural exposure or from 

repeated AAV applications, will result in a decrease in transduction efficiency 

(exceptions may be immune privileged sites, e.g., the brain and the retina) [173]–

[176]. To reduce the immune response, AAV can be administered with an 

immunosuppressant or engineered to be less susceptible to neutralizing antibodies 

[174], [177]. Immune recognition of AAV can result in other physiological 

complications. Some studies have shown that capsid-induced T-cell responses can 

result in the elimination of the transduced hepatocytes in humans, as well as an 

increase in liver enzyme secretion, which required corticosteroids to remedy. 

Interestingly, this effect was not recapitulated in animal models [178]. 

Engineered AAVs are screened and evaluated for their potential as gene delivery 

vectors. In directed evolution, the process of screening and evaluating of the new 

AAV is intrinsic to the method of identifying the new AAV variants. However, just 

because the AAV is capable of transducing an organ specifically in one in vivo 

model does not necessarily lead to the same tropism in other animals [179]. 

While there is limited data about AAV performance in humans, we have seen that 

transduction efficacy is not translatable to human studies. Evidence of this 

discrepancy was shown by rAAV8 mediated live transduction studies, where 

AAV8 was shown to be very efficient in transducing liver in murine models, but 

suffers log-folds reduction in transduction efficiency in both non-human primates 

(NHP) and human patients [164], [180]–[185]. To circumvent this discrepancy, 

researchers have begun using humanized mouse liver in which human cells are 

xenografted to mouse liver. This allows for the investigation of AAV transduction 

efficiency in human hepatocytes albeit they are not a complete recapitulation of 

human physiology [164], [166]. Through this system, they were finally able to 



 48 
 

 
 

recapitulate the difference in AAV transduction efficiencies in mouse hepatocytes 

and human hepatocytes and screen for novel AAV capsids that can efficiently and 

specifically transduce human cells. 

2.6. Thesis overview 

AAV is a highly promiscuous virus, capable of transducing cells in many different 

tissues. There are many AAV serotypes that have variable tropisms and, as a result, 

different biodistribution profiles in organs. This difference in tropism can be the 

result of various factors from cell receptor recognition, endosomal escape, nuclear 

localization, genome release, and second-strand synthesis. By modifying any of 

these steps, we can increase or decrease the transduction efficiencies of the 

different AAVs. In Chapter 3, I will be presenting a feature selection approach to 

identifying important residues on AAV capsids that may be introduced to modify 

AAV transduction. 

New AAV capsids for specific applications may demonstrate promising in vitro 

and in vivo data, but the transduction efficiencies do not always translate well 

between different animal models, let alone to humans. Currently, there is no 

systematic way of predicting how a particular virus will behave in another animal 

model different from the one in which it had been previously screened. I am 

presenting a methodology for high throughput screening in Chapter 4 to elucidate 

the relationship between in vitro cell lines and animal models that will help cut 

down the time needed for screening and selection of potential AAVs for further 

experiments. 
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Chapter 3. Residue Importance 

Processing 

 

 

3.1. Abstract 

Adeno-associated viral (AAV) vectors can transduce many different types of cells 

and tissues, but the various capsid serotypes have different transduction tropisms. 

Taking HEK293T cells as an example, AAV1, 2, 3B, and 6 have very high 

transduction efficiencies in this cell line, while AAV4, 5, 7, 8, and 9 have very 

poor transduction capabilities. There are many factors that have been discovered to 

be important variables in determining the transduction efficiencies of AAVs in 

cells, such as the ability to bind to cellular receptors or co-receptors. Some AAV 

vectors are strongly reliant on such factors, and previous works were able to make 

use of such information to increase the transduction efficiencies of AAVs in 

specific cells by overexpressing the dependent factors in cells or by transplanting 

receptor binding footprints from one AAV to another. However, these previous 

works required the knowledge of specific receptors or of the receptor-binding 

motif in order to build a specific cell line or virus capsid capable of transduction. 

To further expand our capability to identify important factors and features on AAV 
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capsids responsible for controlling transduction efficiencies, I present here a data-

driven method to help elucidate the important features on AAV capsids responsible 

for transducing HEK293T cells and for generating novel mutants with enhanced 

transduction capabilities. I performed multiple sequence alignment and then 

encoded each residue using the corresponding biophysical and biochemical 

properties. Using these inputs, I then trained a machine-learning algorithm to 

identify key capsid residues that might be responsible for transducing HEK293T 

cells efficiently. I was able to identify 9 amino acids that may each be capable of 

increasing the transduction efficiency of AAV9 – a serotype with poor transduction 

efficiency in HEK293T cells. Preliminary data demonstrate that three out of the 

nine identified residues increase AAV9’s transduction efficiency in HEK293T 

cells. Continued efforts can enable the generation of new AAV capsid mutants 

with desired tropisms. 

3.2. Introduction 

Adeno-associated virus (AAV) is currently one of the most studied viral vectors for 

their potential in human gene therapy. AAVs are relatively simple compared to other 

viral vectors like lentivirus and adenovirus as they only have a single cap gene (with 

alternate splicing) that encodes for the entire capsid, allowing them to be easily 

engineered using various approaches, from rational design to directed evolution [41], 

[68], [71], [106]. AAVs also have lower immunogenic response compared to other 

viral vectors, although neutralizing antibodies are readily produced upon exposure 

to AAVs [186], [187]. AAV has a T=1 icosahedral capsid made up of 60 subunits. 

The AAV capsid is responsible for many different functionalities during the 

transduction pathway, including interacting with cellular components like receptors, 

undergoing structural conformational changes to escape endosomes and to be 
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transported into the nucleus, and uncoating to release the genetic cargo. Salganik et 

al. also found evidence of the AAV capsid playing a part in mediating second-strand 

synthesis and the transcription of the released viral DNA [188].  

Previous work has shown that many biophysical, biochemical, and even tropism 

properties of the capsids can be changed by single amino acid mutations [89], 

[188], [189]. Ultimately, we want to rationally determine what changes in the AAV 

capsid are necessary to obtain desired tropisms. An application of this would be the 

generation of different AAV serotypes (thus different immune response profiles) 

with similar tissue tropisms. Such immune-orthogonal but same-tropism capsids 

would allow for repeated dosing of gene therapies into the same patients. As 

mentioned earlier, AAV administration in vivo will elicit the humoral immune 

response, resulting in subsequent administrations being much less effective. 

However, different AAV serotypes with limited cross-sera activity can be 

engineered to be able to transduce similar cells and tissues, potentially allowing 

repeated doses. In this work, I have investigated an approach for transferring the 

tropism of one AAV serotype to another to enhance the transduction capabilities of 

different AAVs. To achieve this goal, I examined the “decision making” process of 

an AAV capsid, and how different residues on the capsid may determine its 

tropism. 

While there may be stochasticity in AAV transduction between individual cells, the 

general transduction of a large population of cells by the same vector is a 

deterministic process. We know this because different AAVs have relatively stable 

expression profiles, and it has been established that AAV2 is very efficient at 

transducing HEK293T cells in vitro, while AAV9 is poorly efficient at transducing 

HEK293T in vitro but  has a very high heart tropism in murine models [190], [191]. 

These efficiencies are determined by different “decisions” made by the virus during 
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the transduction process, dictated by specific features encoded by the capsid. We 

then hypothesized that changing these specific features and driving these decisions 

on the capsid should allow us to tune the transduction efficiency. Decisions such as 

how strongly to bind to different receptors, or whether to escape the endosome, are 

made by each virus serotype due to their capsid composition and interaction with 

specific cellular factors. By identifying the decision-making residues that can alter 

the decision-making process of each virus, we can potentially change the tropism of 

a virus, allowing a typically inert AAV serotype to gain the ability to transduce 

specific cells. Using a machine learning method that mimics decision-making 

processes, I attempted to capture and alter the important decision-making residues 

on the AAV capsids for allowing an inert AAV to transduce HEK293T cells, in a 

process I called Residue Importance Processing (RIP). 

3.3. Results 

3.3.1. Multiple sequence alignment and sequence-based 

decision-making processes 

I looked at literature that compared whole panels of AAVs in different cell lines in 

order to extract a data set that can be analyzed to extract important features that 

dictate AAV transduction efficiency. The preference was to evaluate datasets 

where multiple vectors have been compared in the same study in order to minimize 

study-to-study variability. Therefore, I decided to use the data reported by Ellis et 

al., where a panel of AAV capsids (serotype 1-9) were tested against a variety of 

widely used cell lines [190]. As a prototypical test for our data-driven design of 

transplanting transduction capabilities, I decided to improve the ability of AAV9 in 

transducing HEK293T cells in vitro. I also supplemented the literature data with 
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our own transduction experiments. In order to increase the sensitivity for 

measurement for the AAVs with lower transduction efficiencies in HEK293T cells, 

I decided to use next-generation sequencing (NGS) to measure the relative AAV 

serotype transcription of their packaged transgene as a measurement of expression. 

I packaged a unique DNA barcode into each AAV variant and pooled them 

together for transduction. RT-PCR was then performed to recover RNA from the 

HEK293T cells after 48 hours. Finally, I performed NGS sequencing and counted 

the frequency of the recovered barcodes against the original pool of viruses.  

Using literature data of AAV serotypes 1-9 obtained from Ellis et al. as well as my 

own data, I performed a K-means clustering that uses two variables to identify two 

sets of the population [190]. By using the non-supervised clustering method, I can 

avoid bias in my identification of the members of the two populations (Figure 3-1 

A). After the identification of the different populations, I then investigated ways to 

compare the similarity and differences between the viruses using their capsid 

amino acid sequences and their capsids structures. While many of the structural 

and sequence variabilities are highly correlated, there are benefits of using only 

sequence data, as there are more accessible AAV amino acid sequences than 

resolved AAV capsid structures (Figure 3-1 B). 
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Figure 3-1 Decision making variables on a capsid. (A) Using data from Ellis et al. and our NGS 

barcoded AAVs, we performed K-means clustering to discover the 2 distinct clusters of “Good” 

and “Bad” viruses for transducing HEK293T cells in vitro. (B) Sequence logo of a section of the 

multiple sequence alignment shows that there are amino acids that are conserved intra-group and 

not conserved intergroup. These amino acids may be responsible for deciding AAV tropisms. 

3.3.2. Encoding amino acid properties for Random 

Forest feature importance analysis 

The phenotypical differences in the behaviors of different AAV capsids are most 

likely caused by the divergent sequences on the AAV capsid, resulting in different 

receptor interaction properties, intracellular trafficking, and gene transfer 

efficiencies. I encoded the amino acid of the VP1 alignment sequences from 9 

AAV serotypes according to Table 3-1 to describe the location using the 

biophysical properties of each amino acid. For the gap alignment residue, the 

average value of all amino acids was used. I then concatenated each property into a 

large matrix for the random forest learning algorithm to perform importance 

analysis (Figure 3-2). By comparing all the variables (positions and properties) 

together at the same time, I extracted information about the importance of any 
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specific amino acid in deciding the transduction capability of the AAV as well as 

which property drove the decision.

 

Figure 3-2 Input feature matrix (X) and the target vector (Y). AAV amino acid sequences are 

encoded into amino acid properties, which are then concatenated together into a long matrix so 

all the variables (positional and properties values) can be examined by the random forest. 
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Table 3-1: Properties of different amino acid properties, collected from ref:[192]–[196] 

 

 

3.3.3. Extracting important residues 

Random forest (RF) is a commonly used machine learning algorithm for both 

classification and regression models. It is a decision-tree based model that is robust 

and easy to tune, but most importantly, for my purpose, it can evaluate each feature 

inputted into the algorithm to give us an importance score. It has been widely used 

in bioinformatics for pattern recognition for its ability to provide high accuracy 

prediction, as well as feature selection [197], [198]. In our application, the 

biophysical properties at each position of capsid amino acids will be the feature for 
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our learning algorithm to train on. For classifications of different AAVs into 

different groups (good or bad), the decision-trees will look at the features each 

AAV has and split the group of AAVs based on the features until all the AAVs are 

cleanly separated into good or bad groups. I am looking for important residues that 

will help inform the transduction capability of the virus in HEK293T cells.  

Due to the stochasticity of the RF, different models may produce different 

importance values for each position. I built 200 random forest models to reduce the 

impact of the individual random forest’s stochasticity. First, I combined different 

importance values of different properties at each position into a single value for 

each residue. I calculated the mean of the importance across all the properties for 

each of the residues to produce a single vector of importance values. I then ranked 

the importance of each residue over all the iterations to explore when the 

importance values stabilize. To compare the different importance value from 

different generations, we transformed each raw importance value (��) from each 

generation into a z-score: �� = (�� − �)/�   where � is the mean and � is the 

standard deviation of the importance values at each generation. I then calculated 

the average of the importance values at each position using the cumulative 

importance values over previous generations. A new ranked list is generated for 

each generation, and the residue list is compared with the previous generation to 

see if there are any changes in the residue importance ranking. To help visualize 

the stabilization of the importance rank over different iterations, I plotted the 

number of changes for the top 21 importance ranks (Figure 3-3 a). I noticed that 

the top 10 residues quickly converge while the residues of less importance did not 

converge, which points to the importance of the top 10 residues, as their high 

importance values stabilized quickly. I ranked each variable using the final 

importance rank, and I noticed that the importance values follow an exponential 
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decay profile, which means there may be only a few residues that are important in 

determining the tropism of AAVs (Figure 3-3 B). I computed the differences 

between neighboring residue importance values to look at the relative change of 

importance between the ranked residues and noticed a steep decline in importance 

values after the top 9 residues, presenting a natural cut off point for the importance 

value (Figure 3-3 b-c).  

Further examining the importance values generated for each of the properties 

across all positions, I noticed that certain properties contribute more to the final 

importance value than others. I measured the correlations between each of the 

properties against the final averaged importance value. Isoelectric point, polarity, 

and flexibility were highly correlated with the overall importance, indicating that 

these properties of the amino acids were instrumental in determining the 

importance of each residue position (Table 3-2). 
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Figure 3-3: Importance value analysis.  (A) Top 21 residues stabilize at different rates, and the 

top 10 residues are established in very few generations. (B) Ranking the importance z-score 

shows there is an exponential decay distribution of important residues. (C) To find a threshold 

for importance cut off to determine which amino acids will be changed by mutagenesis, I 

measured the change in importance of the ranked residues. I found a sharper decline in 

importance after position 412 (indicated by the black dotted line) and used that as a threshold for 

the residues to investigate. 
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Table 3-2 Amino acid properties Pearson’s correlation coefficient with final importance value. 

Polarity, isoelectric point, and flexibility are highly correlated with the final importance value, 

indicating that these properties may be important contributing variables that increase the 

importance of each position. 

 

 

3.3.4. RIP mutant synthesis and characterization 

Using the importance cut-off determined above, I decided to change these 9 amino 

acids from AAV9 to the most common amino acids in those positions found in the 

‘good’ group AAVs (Figure 3-3). Interestingly, while most of the mutations are 

located on the surface of the AAV capsid around the three-fold protrusion, one of 

the identified one mutant (Q412T) that is located on the interior of the capsid, 

surrounding the five-fold pore (Figure 3-4 b right), and another mutant (A157S) 

found in the VP2 N-terminal domain. Noticeably, most of these changes are in the 

hypervariable regions on the AAV capsids, and the importance values were able to 

recapitulate the conservation landscape of the AAV capsid, which was expected as 

our analysis began with the same multiple sequence alignment (Figure 3-4 c). 



 61 
 

 
 

 

 

Figure 3-4 Distribution of the important variables. We mutated AAV9 residues into the most 

common residues at these sites, if there is an even split, I chose the smaller amino acid. (B) 

Structural representation of where the mutations are located (left: 3-fold protrusion external 

view, center: 5-fold pore external view, right: 5-fold pore internal view), the red residues are part 

of the galactose binding pocket and the green residues are those identified for mutagenesis. The 

greyscale gradient is an indication of the depth of the capsid with black as the lumen surface and 

white as the most distal protrusion. AAV9 PDB (ID: 3UX1) is visualized using PyMol. (C) The 
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highlighted sections indicate the 9 highly variable regions, the blue plots are the importance 

values of each position and the orange plots are the conservation score of each position 

calculated using AL2CO [199]. 

 

The individual mutations were introduced into the capsid gene using site-directed 

mutagenesis. The vector production yields were analyzed using quantitative PCR 

(qPCR). None of the mutations impact vector production titers (Figure 3-5 a). I 

also confirmed overall capsid formation is not affected by the mutations, as the 

western blot demonstrates the VP1:VP2:VP3 ratios are maintained at about 1:1:10 

ratio as expected (Figure 3-5 c). Transduction tests were performed in HEK293T 

cells to see if the mutants are able to perform better than their unmodified 

counterparts. Notably, 3 of the 9 AAV9 mutants have improved transduction 

efficiencies in HEK293T compared to the unmodified AAV9 capsid (Figure 3-5 

b). However, when I introduced all 9 amino acids into the AAV9 capsids (RIP9), I 

lost all transduction efficiencies in HEK293T cells. Even after excluding the 

mutation, N515D, that appears to have reduced AAV9’s transduction efficiencies 

in HEK293T cells (RIP8), I was not able to rescue the transduction efficiency of 

the mutant with the combined mutations. 
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Figure 3-5 Characterization of AAV9 mutants. (A) Single amino acid mutations introduced into 

the AAV9 capsid does not significantly change vector production titers (N=3). (B) Transduction 

of HEK293T cells using MOI of 5000 (N=6). Q412T, A502T, and N709A have shown 

statistically significant improvements over naïve AAV9 capsid. AAV9 capsids with 8 mutations 

or 9 mutations lose transduction efficiencies in HEK293T cells. Error bars are standard 
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deviations. One-way ANOVA was performed with Dunnett’s posthoc multiple comparison test 

against AAV9. (∗= � < 0.05, ∗∗∗= � < 0.001, ∗∗∗∗= � < 0.0001) (C) Western blot shows the 

same ratio of AAV9 VP formation. (D) The mutations included in different RIP combination 

mutations. 
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3.4. Discussion 

Substantial knowledge of the AAV capsid is required to generate rationally 

designed viruses. An example of previous work that had used prior knowledge to 

transfer transduction capabilities between serotype was done by transplanting the 

galactose binding pocket from AAV9 onto AAV2 to improve AAV2’s in vivo 

performance [200]. While powerful, rational designs are limited by the extent of 

our knowledge. Here I present a data-driven rational approach method to identify 

potentially important residues that may influence AAV tropism. I used a simple 

random forest algorithm to perform feature selection on the AAV serotypes’ 

multiple sequence alignment with the objective of classifying if the serotype is 

good or bad at transducing HEK293T cells. By encoding the various properties of 

the different amino acids into the features for the model, I attempted to make the 

features more meaningful. Our property importance correlation values appear to 

indicate that polarity, as well as isoelectric properties, may play an important role 

in determining the tropism of AAV. These observations were previously noted by 

Xia et al. who discovered that polarity, hydropathy, and isoelectric properties were 

influencing properties in the evolution of proteins [201]. Interestingly, my 

experiments also show that amino acid flexibility was also highly correlated with 

the final importance values. Flexibility was previously shown to be important if the 

protein needs to interact with different ligands or environments, and the greater 

flexibility offers a greater level of adaptability [202]–[204]. Indeed, previous work 

also identified surface-exposed loops on virus capsids may facilitate escape from 

antibody neutralization [203]. Using such importance values from a random forest 

classifier has helped us identify several important amino acid properties that may 

aid in future rational design considerations. 
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I was unable to use the model to predict if a virus is capable of transducing 

HEK293T cells or not as the sample data is very limited, being restricted to only 9 

serotypes of AAV being compared directly by Ellis et al. While hundreds of AAV 

sequences have been published, they were not compared in a systematic way in a 

single cell line, with different labs preferring different cell lines to test for 

transduction capabilities of their novel AAVs [190]. However, my model was able 

to produce a shortlist of potential mutations for improving AAV9’s transduction 

capabilities in HEK293T cells. My application of machine learning here is purely 

for feature selection using a very specific data set. Similar approaches were 

previously performed on large protein databases to identify important residues for 

protein stabilities, and using different conservation scores to identify residues that 

may be crucial to protein functionalities and also to predict the proteins’ 

functionalities [205]–[207]. Machine learning guided directed evolution has been 

employed to more rapidly search through protein diversity as well as to predict 

functionalities based on mutations [208]–[210]. These efforts require large and 

extensive data sets, and recent work by Ogden et al. have generated a 

comprehensive data set of single mutations on AAV2 to identify important 

residues in affecting transduction in cells and tissues which can help with the 

development of more machine learning models like ours to identify more important 

residues [211].  

Of the mutations identified by my importance ranking approach of the multiple 

sequence alignment of AAV serotypes, I found that 7 of the 9 residues identified 

were located on the outside of the AAV9 capsid, scattering around the 3-fold 

symmetry protrusion (Figure 3-4). This area was previously discovered to be an 

important region for receptor binding activities, with the galactose binding pocket 

of AAV9 and the heparan binding domain of AAV2 both being located around this 
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protrusion; furthermore, transduction could be blocked by introducing a peptide 

lock at this location [212]–[214]. Additionally, the mutation at position 412 is 

located on the lumen of the AAV9 capsid surrounding the 5-fold pore. The five-

fold pore region is suggested to be involved in genome packaging during AAV 

capsid formation and was also shown to be involved with the activation of the 

phospholipase A2 activity during transduction [215]. 

Through my experiments, I was able to observe some improvements in AAV9’s 

transduction capabilities in HEK293T cells. These mutations were indeed able to 

improve AAV9’s transduction efficiency for 3 of the 9 mutations identified by the 

ranked residue importance values. This shows that using machine learning 

methods, we can potentially pick up on patterns that are otherwise non-obvious to 

us, allowing an association between the amino acid sequences of AAV capsids to 

directly inform us about the transduction abilities of AAV in specific cells. This 

can be a new way to look at AAV sequence data and to process the information to 

create new AAV capsids that may have desired properties. However, my efforts to 

further increase the transduction capability of AAV9 by introducing a combination 

of the mutations identified were unsuccessful due to unforeseen epistatic effects. 

This was also observed by Ogden et al. as their combination of various 

individually beneficial mutations had led to AAV capsids with log-fold reduction 

in their transduction capabilities [211].  

3.5. Conclusion 

Using a small specific dataset of just 9 AAV serotypes, I was able to find single 

mutations that may be able to improve AAV9 transduction in HEK293T cells. 

Random forest was able to extract important features using the properties of amino 

acids in a large matrix. Different properties of amino acids contribute differently to 
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the overall importance of each residue at each position, and I used the mean 

importance value as a final determining factor to evaluate the importance. Through 

this normalization, I found that some properties like polarity, isoelectric point, and 

flexibility appear to play a strong role in determining the functionality of the 

important variables.  

While only 3 of the single amino substitution mutations resulted in modest 

improvements in AAV9 transduction of HEK293T cells, I was able to perform a 

simple feature selection without requiring a large diverse library. However, having 

more data may help enhance the feature selection power of the model. Future work 

can also use a similar approach to modify AAV serotypes’ in vivo tropism to help 

engineer different AAVs to target specific tissues and organs, evading neutralizing 

antibodies, and capsid stability. These endeavors may be coupled with other 

machine learning techniques to further explore the sequence-function landscape in 

order to develop more specialized AAVs for gene therapy. 

3.6. Materials and methods 

3.6.1. Cell culture 

HEK293T cells were used for producing AAV vectors, and for in vitro 

transduction experiments. The cells were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM, Lonza, Basel, Switzerland) with 10% fetal bovine serum 

(FBS, MilliporeSigma, St. Louis, Missouri, USA) and 1% penicillin-streptomycin 

(MilliporeSigma, St. Louis, Missouri, USA) at 5% CO2 and 37°C. 
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3.6.2. Virus production and quantification 

AAV was made by performing triple transfection in HEK293T cells using 

polyethylenimine (PEI) transfection with a previously established protocol [214]. 

Briefly, AAV rep-cap plasmid (pXR9, pXX2, and various mutants), ITR-GFP, and 

pXX6-80 helper plasmids were transfected into HEK293T cells using PEI. After 

48 hours, cells were harvested and palletized and resuspended in gradient buffer 

(10 mM Tris, pH 7.6, 10 mM MgCl2, 150 mM NaCl). The suspension was then 

lysed through freeze-thawing three times by alternatively incubating in liquid 

nitrogen and 37°C water bath. Excess nucleic acids were digested using 

50units/mL benzonase nuclease, followed by loading into Quick-Seal Ultra Clear 

ultracentrifuge tube with step gradients of 15%, 24%, 40%, and 54% iodixanol. 

The tube was sealed and balanced in a Beckman 70Ti rotor then subjected to 

48,000 rpm for 105 mins at 18°C. The viruses were then extract from the 40% 

fraction of the iodixanol step gradient. The concentration of viruses was measured 

using quantitative polymerase chain reaction (qPCR). Briefly, the viruses were 

denatured through incubation in 2M NaOH at 56°C for 30 mins then neutralized in 

2M HCl and diluted 100x in 10ng/�L sheared salmon sperm DNA. SYBR Green 

Power PCR master mix with primers against the cytomegalovirus promoter on the 

transgene were used to detect viral genomes using qPCR on BioRad CFX96 qPCR 

machine against a standard curve. 

3.6.3. Plasmid cloning 

Ligation was used to introduce the mutations in the pXR9 rep-cap plasmid. Briefly, 

HindIII-HF (New England BioLabs Inc.) and SbfI-HF (NEB Inc.)) were used to 

digest pXR9 to generate template backbone at the HindIII cut site just before the 

cap gene, and the SbfI cut site just after the cap gene. Non-overlapping primers 
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were designed to flank the mutation site, with the forward and reverse primers 

facing away from each other. The mutation being added in the overhang on the 

forward primer. The forward mutation primers were paired with a reverse primer 

from the SbfI site, and the reverse mutation primers were paired with a forward 

primer from the HindIII sites. The PCR was run at 60°C for 30 cycles in Q5-

Mastermix II (NEB Inc.) with pXR9 as template. The resulting amplicons were 

size-selected using agarose gel and gel extracted. The fragments were then cut with 

SbfI-HF and HindIII-HF followed by PCR clean up using DNA columns. The 

cleaned DNA was treated with T4 polynucleotide kinase (NEB Inc.) to 

phosphorylate the blunt end generated by the primers at the mutation site, then 

ligated to the backbone with a molar ratio of Fragment#1:Fragment#2:backbone at 

5:5:1 using T4 ligase (NEB). DNA was transformed into NEB10� chemically 

competent cells (NEB Inc.) and sequence-verified through an external vendor 

(Genewiz). 

3.6.4. Importance analysis using random forest 

Multiple sequence alignment of nine AAV serotypes (AAV1, AAV2, AAV3, 

AAV4, AAV5, AAV6, AAV7, AAV8, and AAV9) was performed using 

webPRANK, a phylogeny-aware alignment algorithm. Each alignment sequence 

was then encoded using hydropathy, polarity, bulkiness, isoelectric point, 

flexibility, and molecular weight values with gaps taking the mean value of the 

properties. This resulted in a 6x9x762 matrix, with the dimensions being the 

properties, serotypes, and amino acid positions in the alignment, respectively. The 

matrix was flattened into a 9x4572 matrix by concatenating the different properties 

together in the order of hydropath, polarity, bulkiness, isoelectric point, flexibility, 

and molecular weight. Each of the serotypes was classified as either a ‘good’ virus 
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or a ‘bad’ virus for transducing HEK293T cells, distinguished using K-means 

clustering implemented by sklearn python package, and encoded with 1, or 0, 

respectively. We then fed the 9x4572 matrix and the 9x1 vector into the random 

forest model also implemented by scikit-learn python package. 

To ensure the randomness in the random forest algorithm is not going to 

stochastically influence the importance of the features, we performed the training 

of the model 200 times for the top-ranking residues to converge. To analyze the 

overall importance of each position, each importance vector (1x4572) is reshaped 

into 6x762 with the dimension representing properties and amino acid position in 

the alignment, respectively. The values at each position are then summed together 

to create a 6x762 matrix. The process was repeated to form a 200x762 matrix, and 

the final 1x762 importance vector is generated by taking the mean of each position. 

To select the cut off for the top-ranking residues, we ranked importance of the 

residues and took the derivative of the importance with respect to the rank of the 

importance value.  

3.6.5. In vitro transduction of new mutants 

Transduction assays were performed on HEK293T cells. 1E5 HEK293T cells were 

counted using a hemocytometer and seeded in poly-L-lysine coated 48 well plates 

and left to incubate and attach overnight in cell culturing conditions for 12 hours. 

Growth media was replaced with serum-free DMEM with 1% PS with viruses 

added to the media at a concentration for 10,000 MOI. The virus and cells were 

incubated for 24 hours, and then the virus media was replaced with regular growth 

media for 24 hours. The cells were then trypsinized and washed with PBS and 

analyzed for their GFP expression using BD FACSCantoTM   flowcytometer. The 

flowcytometry data was analyzed using FlowJo Version 10. 



 72 
 

 
 

3.6.6. NGS-based transduction quantification 

Unique barcodes were introduced between the C’-terminus of GFP and the human 

beta-globin polyadenylation signal using XhoI (NEB Inc.) and BstBI (NEB Inc.) in 

the ITR-GFP plasmid. Each AAV serotype packaged a single unique barcode, and 

the resulting virus was mixed into a single pool of AAVs and transduced in 

HEK293T cells at 5000 MOI. RNA was extracted from the cells after 48 hours and 

then used to synthesize cDNA using VERSO cDNA synthesis kit (Thermo Fisher 

Scientific). NGS amplicons were generated using Illumina CD-indexed primers 

using Q5 Mastermix (NEB Inc.) and sequenced with MiSeq (Illumina) using 

manufacturer instructions. The resulting fastq files were cleaned up using fastx 

toolkit to remove Q<30 reads. The frequency of each barcode was counted from 

the fastq files and normalized against the frequency of each barcode from the 

original library pool to measure the enrichment score of each AAV in HEK293T 

cells.  
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Chapter 4. Bioscaling: Transduction 

Efficiency Prediction 

 

 

4.1. Abstract 

Currently, it is understood in the gene therapy field that in vitro transduction 

efficiencies of AAV serotypes do not translate to in vivo transduction efficiencies. 

For example, AAV9 is generally poorly transducing in a variety of in vitro cell 

lines, but it is considered to be one of the superior vectors for in vivo gene delivery 

[191].  This difficulty highlights the need to develop better ways of predicting the 

behavior of AAV vectors. Currently, the tropisms of novel capsids are 

characterized by performing biodistribution studies in animal models. However, 

this takes significant time and resources and needs to be repeated for each new 

application. Here, I present a simple machine learning paradigm, Bioscaling, that 

can predict how well different AAV capsids will perform in different in vivo 

murine tissues by observing how each virus performs in a panel of diverse cell 

lines in vitro. To build the model, I first examined in vitro and in vivo transduction 

and biodistribution data in the literature and noticed that each AAV has a very 

distinct transduction profile or “fingerprint”, both in vitro and in vivo. I 
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hypothesize that these fingerprints can be used to link the transduction capabilities 

of AAV in cells in vitro to various tissues in vivo. As a proof of concept, I built a 

classifying model to identify each AAV by their in vitro or in vivo fingerprints, and 

we were able to achieve predictive accuracy greater than 95% on average for all 

nine serotypes (AAV1, AAV2, AAV3B, AAV4, AAV5, AAV6, AAV7, AAV8, 

and AAV9). This shows that I can indeed identify the AAV serotypes by their 

transduction patterns. I identified a panel of cells with high predictive capability 

for in vitro AAV fingerprinting, on which we performed high-throughput screening 

using next-generation sequencing and a library of AAV vectors with barcoded 

transgenes. The barcoded AAV library was also intravenously injected into 

C56BL/6J mice for in vivo profiling. My results show that our model can predict 

transduction efficiency for heart, liver, kidney, and muscle with correlation 

coefficients of 0.74, 0.72, 0.93, and 0.82, respectively. With sufficient data, this 

machine learning approach may allow us to accurately predict how different AAV 

capsids will perform in vivo based on in vitro transduction data. 

4.2. Introduction 

Adeno-associated virus (AAV) is a 20-25nm dependovirus that is being 

investigated as a potential gene therapy vector for many different diseases [155], 

[216], [217]. AAV has a low immunogenic profile and is not known to be 

pathogenic, making the virus a good candidate for gene delivery vectors, several of 

which have led to approved treatments [154], [218]. However, as we have learned 

from prior work, the current panel of commonly investigated natural AAV 

serotypes suffers from unpredictable and variable transduction in various tissue of 

interest [181], [219]. To improve upon the abilities of the naturally occurring AAV 

capsids, there have been many different studies using both rational and 
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combinatorial library selection approaches to develop new capsids with more 

favorable transduction efficiencies in specific tissues [220]–[222].  

Different AAV serotypes may have different reliance on important receptors for 

successful transduction, such as heparan sulfate proteoglycan for AAV2 and �1,4-

galactose for AAV9 [129], [223], [224]. Rationally designed novel capsids have 

previously been generated to confer favorable transduction profiles, such as 

transplanting galactose binding motifs from AAV9 onto AAV2 to improve 

AAV2’s in vivo transduction efficiencies [200]. While some successful AAV 

capsids have been created using rational design, we are seeing an increasing 

number of novel AAV variants created using large libraries generated through 

DNA shuffling or peptide insertion around residue position 588 of AAV9 (VP1 

numbering) and homologous sites in various AAV variants [96], [166], [225]. 

Researchers have also tried to improve the chance of successfully discovering a 

potent new vector by using computationally guided libraries like in silico ancestral 

reconstruction or CRE-mediated AAV transduction discovery in specific tissues 

[88], [92], [225]. Through these efforts, many potential vectors have been 

discovered for specific applications. However, without a rational design rule, these 

approaches rely on exploring the transduction landscape of the libraries generated 

and screening is required on every tissue of interest [190]. 

The difficulties in screening AAVs are also increased when different animal 

models are used, as tropism may differ among various species, and in vivo 

transgene expression may be underwhelming when compared to in vitro or even 

other prior in vivo transduction studies [181], [185], [226]. Previous work has 

shown that viruses that perform well in vitro do not indicate in vivo transduction 

success [190], [191], [219]. Moreover, in vivo transduction in different animal 

species can also be different, and preclinical animal studies were shown to be poor 
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predictors for human applications [184], [227], [228]. Humanized mice models 

have been used to bridge this gap in order to better predict how well different novel 

AAV capsids will perform across species, specifically in humans [94], [166], 

[229]. However, this method is limited to animals and related tissues that can be 

made chimeric.  

To speed up the process and enhance the chance of successful variant discovery, 

we present the idea of bioscaling. Bioscaling uses previous transduction profiles to 

predict how well newly discovered vectors perform in different cells and tissues in 

different in vitro and in vivo models. Many previous works have presented the 

transduction profiles of different AAVs, but in this study, I attempt to codify the 

idea of transduction profile [89], [191], [230]. I hypothesize that through the 

application of machine learning, we can use a small set of in vitro transduction data 

to generate/predict full transduction/biodistribution profiles of novel AAV variants 

in vivo. Specifically, I am using each virus’s transduction profile as a “fingerprint” 

to extract features and information about each AAV variant, both in vitro and in 

vivo, then we can build a predictive model that can use the in vitro transduction 

efficiencies of an AAV to predict its efficiencies in various tissues in vivo.  

Previous work has shown that AAV2 has very high transduction efficiencies in a 

wide variety of in vitro cell lines – such as HEK293T and HeLa cells – but it has 

relatively low transduction efficiencies in vivo. In contrast, AAV9 has relatively 

poor transduction capabilities in vitro, but it enjoys broad tropism and high 

transduction efficiencies in vivo – such as heart and brain [191], [231]. These 

observations suggest the relationship between in vitro and in vivo transduction 

efficiencies may not be strictly linear and it is difficult to use in vitro data to 

predict in vivo performance. However, we do know the specific transduction 
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patterns of AAV2 and AAV9 in different cell lines, and we do know the 

biodistribution of each virus in vivo.  

As a thought experiment, if we were given two unknown AAVs (naming them A 

and B), and performing transduction in vitro showed that A is superior to B at 

transducing HEK293T cells, but we also learned that B is highly efficient at 

transducing ChoLec2 cells. Using these in vitro observations, and referring to 

previous literature, there is a high probability that AAV B is AAV9, or an 

uncharacterized AAV resembling AAV9. We know that AAV9 is good at 

transducing heart in vivo, and since AAVB has a similar transduction pattern to 

AAV9, we are predicting that it is highly probable that AAV B is also good at 

transducing heart. We can perform this kind of mapping experiment for all the 

known AAVs, as they each have a very distinct transduction pattern [190]. By 

sampling a panel of multiple cell lines, we can increase the ability to discriminate 

between different AAV variants and make more accurate predictions of different 

AAVs’ biodistribution. The panel of cells must be able to differentiate different 

AAV transduction characteristics, which is what we referred to as “fingerprints”. 

Using this idea, we can potentially map the information directly from in vitro 

transduction profile onto in vivo transduction profile. The mapped information then 

allows us to translate the transduction profile of different AAV vectors from a key 

panel of cells to any panel of transduction targets, and potentially even predict the 

in vivo capabilities of novel AAVs, if we can just collect their in vitro fingerprints. 

In this work, we are presenting a pipeline to select a panel of cells that can best 

recapitulate the in vitro fingerprints of different AAVs to predict their 

biodistribution in vivo, and implementing a machine learning process to translate 

the in vitro profile to in vivo tropism (Figure 4-1). 
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Figure 4-1 Bioscaling schematics: using cells as the input layer for the machine-learning model 

to predict AAV transduction in different tissues in vivo. Each cell line has a distinct transduction 

pathway, with different weight/transition probability/rate constant between different capsid 

interactions, from receptor binding, internalization, endosomal escape, capsid disassembly, and 

finally to expression. We sample across different cell lines, with each cell line being an encoder 

with different transduction pathways leading to the final transduction efficiency output, in order 

to find a panel of specific cell lines that can provide enough information from the expression 

efficiencies to allow us to predict AAV transduction in different tissues. To select the panel of 

cells, we used a genetic algorithm (GA) designed for feature selection. This modeling process 

can be repeated to predict AAV tropisms for any tissues in any animal model. 

 

4.3. Results 

4.3.1. AAV transduction fingerprint extraction – feature 

selection using genetic algorithm 

Historically, the extraction of the “fingerprint” of AAVs using in vitro screening 

involves performing in vitro transduction and measuring the transduction 

efficiencies of each AAV. However, depending on the number of cells to be tested, 

this can be a labor-intensive process. Since it is impractical to culture all the cell 
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lines that have been used to test AAV transductions in vitro, I selected a subset of 

scalable cell lines to extract the most important information pertaining to the 

transduction characteristics of each virus. Indeed, looking at previously published 

in vitro transduction data, there are many cell lines that have very similar 

transduction profiles, like HeLa and HEK293 cells, and I sought to reduce the 

redundancies in cell lines [190]. To decide on the panel of cells that will best 

recapitulate the capabilities of different AAVs, I performed an in silico experiment 

to select the cell lines with the most diverse AAV transduction fingerprints and to 

also reduce the number of cell lines needed to capture these fingerprints. In order 

to increase the stability of our data, as different primary cell line batches may have 

variable transduction profiles, I used only standardized immortalized cell lines. 

Using published in vitro transduction data sets, I performed GA based feature 

selection for groups of cell lines that will most accurately predict the performance 

in various in vivo tissues [190]. GA is an optimization algorithm that can learn 

from iterative experience and is commonly used for feature selection and model 

selection. Each iteration of the GA generates many sets of cell lines and each set of 

cell lines is evaluated for its ability to predict the viruses in vivo biodistribution 

based on previously published in vitro and in vivo data from Ellis et al. and Adachi 

et al. [89], [190]. The GA used a fitness function to evaluate how well each set can 

perform this prediction, as well as a regularization term to drive feature selection 

and to reduce the number of cell lines required while maintaining accuracy. It then 

picked the two highest-scoring sets of cell lines and created a new population of 

cell lines by mixing the two sets of cell lines by performing crossover and mutating 

the sets of cell lines to generate more distinct sets of cells. The newly generated 

sets of cell lines were then used in a new cycle of the algorithm. This process was 

repeated until the fitness of the best set of cell lines did not increase in 10 

generations or until the maximum generation elapsed. In my experiment, the best 
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set of cell lines obtained consists of ChoLec2, HEK293T, NIH3T3, U2OS, 

SAOS2, COS7, MCF7, and Jurkat Cells. 

4.3.2. Parameter optimization and validation of the 

classification model through artificial noises 

To ensure that the selected cell lines are able to accurately represent the different 

AAVs, I performed another in silico experiment by generating a very noisy data 

set. Assuming that qPCR error and stochasticity in different batches of cell lines 

are sources of error [232], we generated a transduction data set, ����
� , centered 

around the reported value for each cell line and virus pair, ����, by adding ±50% 

uniform noise: ����
� =  ���� + �(−0.5,0.5) ∗ ���� , where �(−0.5,0.5) is the 

uniform distribution between -0.5 and 0.5. The data set was then split into 70% 

training set and 30% testing set. We used random forest (RF) multi-class 

classification model to determine if the selected cell lines were able to accurately 

identify the different AAV. By introducing noise into the system, I sought to 

determine if the classification model can still accurately identify the AAV given 

the transduction profile. In order to obtain the optimal accuracy of RF while using 

the minimum number of trees to reduce computational requirements, I performed a 

series of in silico experiments by increasing the number of trees and measuring the 

accuracy of the model for each run. Our experiments showed that the model’s 

performance plateaus after 100 trees (Figure 4-2). Despite the introduction of the 

uniform noise into the transduction data from the literature, I was still able to 

achieve >90% in accurately identifying all the serotypes using only the in vitro 

transduction data (Figure 4-2). 
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Figure 4-2: Optimizing hyperparameters for the random forest. Using different numbers of trees, 

I was were able to find plateauing of classification accuracy, which was capable of accurately 

identifying different AAV serotypes using only the in vitro transduction data. Even with +/- 

100% uniform noise, the model was able to perform with a high level of accuracy. 

4.3.3. In vitro experiment using barcoded virus pool 

shows robustness of classification model 

After confirming the robustness of the classification model, I decided to test the 

hypothesis that the model can recapitulate the identity of the AAV based on their 

fingerprints – in vitro transduction profile in our model-selected cell lines. Because 

I had difficulty culturing the suspension of Jurkat cells, I decided to remove Jurkat 

cells from the experiments and test if the panel of cells can still sufficiently capture 

the fingerprint of each AAV serotype. Using these cell lines, I performed 

transduction experiments using a library of AAV1, AAV2, AAV3B, AAV4, 

AAV6, AAV7, AAV8, and AAV9, each packaging ITR-GFP with a unique 

barcode between the C-terminus of the GFP and the poly-adenylation signal. I 

transduced the panel of cells with a multiplicity of infection (MOI) of 5E3 of the 
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virus pool and performed next-generation sequencing (NGS) on cDNA generated 

from transcribed transgene RNA of the harvested cell lines as well as the parental 

pool of viruses to count the barcode of the virus in each sample (Figure 4-3 a). I 

then took the barcode-sequencing count and normalized against the parental pool 

to get the relative enrichment or depletion of the different barcodes as a 

measurement of high or low transduction efficiency, respectively (Figure 4-3 b). 

Using this readout as input for the RF classification model to see if the model can 

still robustly identify the different viruses using the newly acquired data from the 

slightly modified cell panel, using N=4 sets of transduction experimental data as 

the training set and another N=3 sets of data as the testing set (Figure 4-3 c).  

To better recapitulate the data’s landscape, I used the training set to synthesize 

1000 more data points of each virus-cell pair using normal distribution: ���
�� =

�(���, ���), where ��� and ��� represent the mean and standard deviation of the 

virus � and cell line � obtained by the experiments. Using this method, I attempted 

to compensate for the low data volume by assuming the transduction profile for 

each virus-cell pair follows a Gaussian distribution and subsampling from each 

pair’s distribution. This was repeated for the testing set using the testing set’s 

means and variances. Using these training-testing data sets, I proceeded with 

training and validation using 100 trees, as previously established.  
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Figure 4-3 In vitro transduction experiment using barcoded AAVs.  (A) AAV serotypes 

packaging unique DNA barcodes were pooled together for transduction in a panel of cells. The 

frequencies of the different AAV barcodes were analyzed using NGS and normalized against the 

original AAV library pool to measure the enrichment score of each virus in each organ. (B) 

Plotting the transduction fingerprint of each virus. Each spoke of the radial plot indicates the 

log10 of the ratio of the enrichment score relative to AAV9.  (C) We took N=4 experimental data 

and generated a Gaussian distribution for each virus/cell line pair and then sampled 100 data 

points from each virus/organ pair to train the random forest model. We then used a separate N=3 
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sets of experimental data to generate a Gaussian distribution for each virus/cell line pair and then 

sampled 100 data points from each virus/organ pair to test the model. We were able to determine 

the effectiveness of the panel of cells at determining AAV serotype identity using only the 

enrichment score. 

 

4.3.4. In vivo experiment and bioscaling with barcoded 

viruses 

To efficiently characterize different AAV serotypes in different in vivo targets, I 

pooled 20 different viruses, including wild-type and previously engineered capsids, 

each with a unique barcode and performed in vitro transduction in the panel of 

cells we described earlier. I also performed an in vivo transduction experiment 

using the same pool of viruses in C57BL/6J mice through tail vein injection at a 

dosage of 1E11 viral genomes per mouse. The mice were euthanized after 14 days, 

and we harvested the heart, lungs, liver, kidney, spleen, and muscle tissues. RNA 

was extracted, reverse transcribed into cDNA, and analyzed using NGS to build 

the tissue-specific transduction profile for each capsid. The 20 viruses were 

randomly split into 70% training data and 30% testing data (14 training viruses, 6 

testing viruses) for each tissue. We used training data to train a random forest 

model and tested the model by inputting the in vitro transduction data for each of 

the testing viruses in each organ. The model predicted transduction efficiency 

scores for each tissue using each tissue-specific model: heart, liver, kidney, and 

muscle with correlation values of 0.74, 0.72, 0.93, and 0.82, respectively (Figure 

4-4 c). 
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Figure 4-4 In vivo expression in C57Bl/6 mice.  (A) 20 AAV variants with unique barcoded 

transgenes were combined into the testing library. 1E11 viral genomes of the library were 

injected into 8-week-old female mice. The organs were harvested 14 days later, and the 

frequencies of the different AAV were measured using NGS, and the enrichment score for each 

AAV in different organs was calculated by normalizing against the original library distribution. 

(B) AAV serotype fingerprints were plotted in a radial plot. The radial spoke represents log10 of 

the enrichment score for AAVs in each organ, normalized against AAV9. (C) 14 viruses were 

randomly selected to form the test set and the remaining 6 viruses for the test set. The training set 

uses the in vitro transduction data as features and the normalized enrichment score in each organ. 

Pearson correlation coefficient, R, was calculated for both the training set and the testing set.  

4.4. Discussion 

As we discover more host pathways and regulatory molecules such as AAVR, 

GPR108, and Crumbs 3, involved in AAV transduction, there is still much more to 

learn [146], [148], [149]. In order to build a rational and mechanistic model of 

AAV transduction, we need to know more about the transduction pathways. Due to 

the absence of such complete models, we used the fingerprints of AAV 

transduction as latent variables to capture the essence of different AAVs’ 

transduction processes and used machine learning to perform the prediction. While 

AAV transduction efficiencies in a single cell line have been shown to not be 

indicative of transduction capabilities in vivo, we have demonstrated here that 

using a panel of cells could improve the predictive capabilities of in vitro 

experiments. Furthermore, to make the process of extracting the fingerprint of 

AAVs from a panel of cells experimentally efficient, we have demonstrated the 

efficiency of genetic algorithm for feature selection to whittle down the number of 

required cell lines. The selected panel of cells may have a different distribution of 

receptors, as well as divergent regulatory molecules that may also influence the 

AAV transduction pathways, resulting in distinct AAV behaviors in these cells, 
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thus allowing us to extract information about the AAVs themselves. However, the 

cell line selection was limited to the previously published data by Ellis et al. and 

may not represent a comprehensive search across all cell line-virus transduction 

landscapes [190]. In order to draw a functional map of the cellular factors that may 

help with predicting AAV transduction, we would need to sample a larger and 

more diverse panel of cells. With a larger data set, it may also be possible to 

reverse engineer the model to extract information about the different cell lines and 

the molecules and pathways allowing the distinct AAV transductions. 

The fingerprint of each AAV serotype extracted from the panel of selected cells is 

robust enough to tolerate the noisy data set generated from previous published data 

and still maintain a high level of accuracy. In our own experiment, we are also able 

to recapitulate the high degree of accuracy in identifying each AAV serotype using 

nothing but the transduction capabilities in these cell lines. However, as we were 

not able to use the exact panel of cells, we have lost some accuracy in our 

classifier. Nevertheless, the results are encouraging, as our panel of cells are not 

optimized for classification accuracy but rather for their capabilities to assist the 

random forest model in predicting how well different AAVs will perform in 

murine models, indicating that transduction efficiencies in this panel of cells could 

indeed capture the essence of each AAV’s transduction capabilities. Their 

capabilities in classifying AAVs supports the assumption that these cells are also 

able to represent the fingerprints of the different AAVs. 

Using in vitro transduction data to predict in vivo murine data with an in silico 

model is a first step in predicting how AAVs will behave in animal models. This 

process may be repeated in any animal model to predict the biodistribution of 

AAVs in various tissues and cells, which may lead to an accelerated pipeline of 

AAV design and discovery as was recently demonstrated by Price and Gesquiere 
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who used the in vitro and in silico approach to predict nanomedicine distribution in 

vivo in order to reduce the number of animal used in drug discovery pipelines 

[233]. 

From the small barcoded-GFP AAV library, there are linearities between the 

predicted values and the barcode distribution in organs such as liver, muscles, 

kidney, spleen, heart, and lungs, suggesting that there are indeed underlying factors 

that may allow the mapping of in vitro transduction to in vivo transduction. 

However, a larger library (and more data) is needed to fully capture the in vitro to 

in vivo prediction capabilities. 

The capability of machine learning algorithms to explore the phenotypical fitness 

landscape of engineered proteins and viruses were previously used by various 

groups to present a more holistic method of discovering and engineering new 

AAVs [208], [211]. My results suggest that the incorporation of machine learning 

pipelines like the bioscaling method into other machine learning guided AAV 

design may further accelerate the development, discovery, and screening of AAV 

variants. 

4.5. Conclusion 

I have established a machine learning pipeline that uses in vitro data in a select 

number of cell lines to recapitulate the transduction fingerprint of each AAV. 

Different cell lines have different transduction pathways, resulting in the different 

tropism of AAV variants in different cells. These differences can also be found in 

different animal tissues. Without a comprehensive method to screen for all the 

different factors, it may be difficult to predict how efficiently different AAVs can 

deliver their genetic cargos. However, I have demonstrated that we can bridge this 

knowledge gap by sampling from a panel of just 8 cell lines in vitro to obtain 
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enough information in order to predict in vivo tropism. Indeed, we can identify 

AAV serotypes through their in vitro fingerprints, showing that there are unique 

identifying traits of AAV behavior that is captured not by any single cell type, but 

a panel of cells. Further exploration of this method may allow us to predict how 

new AAVs can perform in different models, and it will not only allow us to predict 

which AAV serotypes can best transduce specific tissues but also specific cell 

types in different animal models. 

4.6. Materials and methods 

4.6.1. Cell Culture 

Cell lines were grown in various cell-specific media supplemented with 10% fetal 

bovine serum (FBS) (MilliporeSigma) and 1% penicillin-streptomycin 

(MilliporeSigma) at 37°C and 5% CO2. HEK293T, U2OS, SAOS-2, MCF-7, 

HepG2, NIH 3T3, and COS7 cells were grown in Dulbecco’s Modified Eagle’s 

Media (DMEM) (Lonza). Cho-Lec2 cells were grown in MEM-alpha (Gibco) 

supplemented with 1% proline.  

4.6.2. Viral Barcode Cloning 

Using site-directed mutagenesis (SDM), we inserted XhoI and BstBI cut sites in 

between the eGFP coding region and the Beta-globulin polyadenylation site of 

pAAV-GFP expression plasmid (addgene# 49055). Using the cut sites, we inserted 

oligonucleotides encoding the 6-nucleotide barcode (NNNNNN), and p5/p7 primer 

binding sites for Illumina sequencing adaptors into this 3’ untranslated region 

(UTR). The plasmid pool was transformed into NEB 10-Beta chemically 
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competent cells using 1µL of the ligation product, and Sanger sequencing for each 

clone was performed by an external vendor (Genewiz). 

4.6.3. AAV Vector Production 

Virus production was carried out using the PEI triple transfection method. Briefly, 

rep-cap were paired with barcoded GFP transgene plasmids and co-transfected into 

HEK293T cells with helper plasmid pXX6 using the PEI triple transfection 

protocol previously described [234], [235]. Upon harvest at 48h post-transfection, 

cell lysates were frozen and thawed three times, followed by digestion using 

benzonase nuclease to remove non-encapsidated DNA. The viral vectors were 

separated using an iodixanol step gradient (12%, 25%, 40%, and 54%). The 40% 

fraction was extracted post-ultracentrifugation, and the viral genomes were 

quantified using quantitative polymerase chain reaction (qPCR) with primers 

against the cytomegalovirus (CMV) promoter [41]. Vector buffer exchange and 

concentration was performed using Amicon Ultra-15 100kDa MWCO column with 

GB buffer (NaCl, MgCl2, and Tris) and 0.001% PF-60.  

4.6.4. Viral Transduction 

Cells were seeded at 1x105 cells per well in 48-well cell culture dishes 12h before 

transduction. The virus pool was mixed in serum-free media, titered using qPCR as 

described above, and then added to cells at a multiplicity of infection (MOI) of 

5000. After 24h, the serum-free media was replaced with serum media, and the 

cells were harvested after 48h post-transduction. DNA and RNA from cells were 

extracted using DNeasy Blood and Tissue Kit and RNeasy Mini Kit (Qiagen), 

respectively. Complementary DNA (cDNA) was synthesized with Verso cDNA 
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Synthesis Kit (Thermo Scientific) from the extracted RNA using hexamers and 

anchored oligo-dT provided by the kit.  

4.6.5. Next-Generation Sequencing  

Isolated DNA and cDNA from each cell line tested were subjected to polymerase 

chain reactions (PCR) using primers with TruSeq CD Indexes (Illumina San 

Diego, California, USA). The 351bp amplicons were purified using gel extraction 

using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced 

using the Illumina MiSeq platform with 2x151bp paired-end reads using 

manufacture protocols. The demultiplex fastq files were first filtered using fastx 

toolkit to remove low-quality reads (Q<30). The abundance of various AAV 

barcodes in each cell line was counted from the filtered fastq files.  

4.6.6. Genetic Algorithm for Feature Selection 

To reduce the number of cell lines required to capture distinguishing transduction 

patterns of AAV variants, we used a genetic algorithm for cell line selection using 

MATLAB and the Global Optimization Toolbox 2019a (MathWorks, Inc.) based 

on a previously published pipeline [236]. In this algorithm, each cell line is treated 

as a “gene” and can be turned on or off, indicating if a cell line is included in a 

group; the value of 1 is assigned for an included cell line, and 0 otherwise. Each 

group of selected cell lines is the “chromosome” used in the genetic algorithm. 

The initial population of 20 different chromosomes is randomly generated, and for 

each chromosome, transduction data from the selected cell lines labeled with AAV 

serotypes are used to train a regression support vector machine (SVM) model using 

the default settings in MATLAB. We decided to use SVM as it is more robust than 

linear regression methods in handling non-linear data. We calculate the 
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resubstitution loss of the SVM using the resubloss function in MATLAB for each 

model trained against each tissue. Then we take the average of the resubstitution 

loss over all the tissues trained to measure the average training error across all the 

models: �������
����������. This error value is then used to calculate the fitness of the 

chromosome: ������� = ������� + ������� ∗
‖�‖�

��
, where ‖�‖� is the �� norm of 

the chromosome and �� is the total number of cell lines. This fitness function is 

used to evaluated each chromosome in the genetic algorithm to normalize the ratio 

of selected cell lines in each chromosome to the average error of the chromosome. 

This allows us to minimize both the error as well as the number of cell lines 

selected at the same time. 

The fitness function was then used to evaluate each chromosome for the genetic 

algorithm. The top 2 chromosomes (lowest values) were then selected for 

crossovers and mutations using the arithmetic crossover and uniform options in 

MATLAB’s genetic algorithm function to generate a new set of 20 chromosomes, 

and the process repeated until an exit criterion was met (mean differences over last 

10 generations<1x10-7, no better results have appeared after 10 generations, or 

runtime has exceeded 300 generations). This process was designed to select for the 

minimal number of cell lines required to provide a robust regression of AAV 

transduction in various organs.  

We used resubstitution loss instead of a more commonly used cross-validation 

loss, as each cell-virus pair only had 1 data point. The use of the resubstitution loss 

may not be the best fitness evaluation metric as it tends to over-fit the model. 

However, previous studies comparing resubstitution loss with cross-validation loss 

for ranking feature importance showed comparable performance and resubstitution 

loss was determined to require much less computational time [237]. 
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4.6.7. Measuring Transduction Enrichment Data for 

Classification and Regression Models 

After a set of cell lines was selected using the genetic algorithm based on data from 

Ellis et al., data from our transduction experiments on these cell lines were used to 

train a random forest model for viral serotype classification. NGS data from 

transduction experiments were processed to serve as this training set. The NGS 

read frequency for each barcode � in each cell or tissue �, ��� =

�
������� ������

����� �����
�

������
, was first normalized to the frequency of each barcode in the 

original virus pool, ���� = �
������� ������

����� �����
�

���
, to get the enrichment ratio of each 

barcode in each transduction target: ���  =  
���

����
. The resulting ratio was further 

normalized against AAV9 as a comparison across various cell lines. As the reads 

can differ in orders of magnitude, the resulting ratio was transformed using 

log��(�) and the resulting value was used to train the random forest classification 

and regression models as implemented in scikit-learn version 0.20.3 Python 

package. 

  



 94 
 

 
 

 

 

Chapter 5. Conclusions and Perspectives 

 

 

AAV is a very attractive gene delivery vector for gene therapies. However, due to 

the variable and unpredictable tropism of different AAVs in various tissues, we are 

still trying to optimize AAV capsids for delivery to specific cells. In order to 

develop new AAVs to perform specific tasks, we have to gather knowledge about 

functional components in the protein capsids of the AAV in order to pursue a 

rational design approach. This process can be arduous and expensive, as we would 

need to interrogate each type of mutation in each position of the AAV capsid to 

comprehensively discover the fitness landscape as well as the functional landscape 

of different amino acid positions, as recently demonstrated by Ogden et al. [211]. 

In the absence of these comprehensive scanning data, we have to rely on rational 

design rules to engineer AAV capsids but few successful new AAV variants have 

resulted from this approach. To further progress in engineering novel AAV capsids 

in the face of limited data and limited design rules, I used machine learning to 

extract patterns that may point to interesting amino acids for engineering. 

Using feature selection procedures, such as the random forest importance ranking 

method I presented in Chapter 3, we can potentially identify interesting amino 

acids for modification to beget better transduction tropism in AAV9 towards 

HEK293T cells. My work has identified several single mutations that can improve 
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AAV9’s transduction in HEK293T cells. This procedure can be performed to 

select for different residues for other functionalities, such as specific in vivo 

tropism and antibody evasion. This method also generated several other potentially 

important residues that were not investigated, and a more comprehensive 

investigation and screening assay can be conducted to see if the in vivo 

transduction profiles have also been modified. We can also investigate the effects 

of combining different single mutations, and due to epistatic effects, these 

combinations of mutations may yield different tropisms as well as other properties. 

We can perhaps even build a reinforced learning model like the genetic algorithm 

presented in Chapter 4 to perform feature selection to reduce the number of 

important residues more systematically, and hopefully, capture more information 

in the different AAV capsids. 

Tropism is an important criterion when selecting AAV capsids for specific 

applications, and we have looked at variables on a capsid that may be responsible 

for different tropisms in Chapter 4. However, if we can shift our perspective and 

view tropism as how permissive a particular cell is towards different AAV 

serotypes, and more specifically, what are the different cellular variables that may 

contribute to determining the tropisms of AAVs. Studies using CRISPR 

knockdown libraries have been used to look for important host factors that may be 

important for specific tropisms of different AAVs in cells, leading to the recent 

discovery of AAVR, GPR108, and Crumbs 3 as important cellular factors in 

determining the transduction efficiencies of AAVs [146], [148], [149]. These 

studies have also indicated a large number of other uncharacterized genes that may 

contribute to transduction efficiencies in different cells. However, using the idea of 

bioscaling presented in Chapter 4, we can treat each cell line as a blackbox of 

information that may determine the transduction of AAVs in specific cells. Using 
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machine learning, I can map the in vitro transductions, which might be influenced 

by the different uncharacterized cellular factors, to in vivo performance. I have 

shown promising results that may allow us to translate in vitro tropism into in vivo 

tropism, however, more data and a larger library will be necessary to fully test the 

robustness of this predictive pipeline. 

Bioscaling may allow the prediction of AAV tropism in different tissues in any 

animal models. We can potentially take a further step: by characterizing the 

transcriptome of different cell lines in vitro as well as the targeted cells in vivo, we 

may be able to predict not only the general tissue tropism of AAVs, but also the 

exact cell type our new and engineered AAV vectors may transduce. 

In conclusion, I have presented ways to investigate both participants in a 

transduction process by looking at the variables on the capsids as well as trying to 

understand in general about variables in cells. Using machine learning methods, I 

have isolated variables on the virus capsids to change tropisms in vitro and using 

transduction efficiencies as cellular variables to predict in vivo biodistribution. 

With these data driven tools, I hope to further accelerate the design and screening 

of AAV vectors and to deliver more effective AAV vectors for various gene 

therapy applications. 
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