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1. Abstract 

Recombinant adeno-associated viruses (rAAV) are leading drugs in gene therapy with three prod-

ucts approved by the European Medicines Agency (EMA) and the Food and Drug Administration 

(FDA). Currently, rAAV vectors are evaluated in many ongoing clinical trials for treating rare ge-

netic diseases and other therapies. Mammalian and insect cells have been utilized for rAAV pro-

duction, but scaling to for the rapidly growing demand for rAAV in clinical trials remains challeng-

ing. Thus, a new AAV production technology is urgently needed. Meanwhile, AAV empty capsids 

as virus-like particles (VLP) produced in mammalian cells have raised increasing interest for vac-

cine development and drug delivery. This thesis established a new approach to produce AAV VLPs 

using E. coli and in vitro capsid formation. The use of these AAV VLPs for vaccine development 

and therapeutic delivery was also studied and strategies for DNA encapsidation were tested.  

Among 13 known human and nonhuman primate AAV serotypes, AAV serotype 2 (AAV2) is the 

most studied and AAV serotype 5 (AAV5) is the most genetically divergent serotype. To analyze 

AAV capsid assembly, AAV2 and AAV5 VP3 capsid proteins were expressed in E. coli. AAV2 VP3 

proteins formed inclusion bodies in E. coli, which were successfully purified and assembled into 

AAV2 VLPs in a chemically defined reaction. Contrary, AAV5 VP3 developed AAV5 VLPs inside E. 

coli cells. Recovery of the assembled AAV5 VLPs was straightforward via a one-step purification. 

Moreover, the supplement of AAV assembly-activating protein (AAP) into the AAV2 VLP assembly 

in vitro and the AAV5 VLP assembly in E. coli led to an increase of capsid formation yield. These 

findings provide the first evidence that AAV2 capsids can be developed in a defined reaction and 

AAV5 capsids can be formed inside E. coli cells. 

The SARS-CoV-2 spike protein, in particular, its receptor-binding domain (RBD) containing the re-

ceptor-binding motif (RBM) mediates virus binding to the host cell receptor, and therefore RBD 

and RBM are lead candidates for SARS-CoV-2 subunit vaccine development. VLPs have been 

widely used in vaccine research due to their ability to strongly induce an immune response com-

pared to the subunit protein alone. To assess the potential of AAV VLPs in vaccine research, RBD 

and RBM fused with AAV2 VP3 capsid proteins were expressed in E. coli. These fusion proteins 

were purified, then refolded and concomitantly assembled to VLPs. The refolded samples of AAV2 

VP3_RBD and VP3_RBM containing VLPs were imaged by atomic force microscopy (AFM). AAV2 

VP3_RBD VLPs were recognized by an antibody binding the folded RBD. Immunization of mice 

with VP3_RBM VLPs resulted in a high level of RBD-specific antibodies indicating SARS-CoV-2 spec-

ificity. However, VP3_RBD VLPs induced strong antibody responses against the VP3 VLP scaffold, 

but a relatively low level of RBD-specific antibodies. These data suggest that VP3_RBM VLP is a 

promising vaccine candidate for SARS-CoV-2.  
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Packaging of DNA in AAV is proposed as an only partially understood active procedure in which 

the DNA enters formed capsids with the help of proteins. In vitro, passive encapsidation would be 

easier and thus an arginine-rich motif (ARM), a DNA-binding domain known to passively aid DNA 

packaging of many viruses, was incorporated at the N-terminus of the AAV5 VP3 capsid protein. 

AAV ssDNA was produced using phagemids and M13 helper phage. The produced circular ssDNA 

with an expression cassette flanked by AAV inverted terminal repeat sequences (ITRs) mediated 

protein expression in CHO-K1 cells. The ARM_VP3 fusion protein was successfully obtained from 

E. coli and the in-vitro capsid assembly and DNA encapsidation resulted in VLPs and in protection 

of DNA from DNase I. However, these VLPs did not mediate protein expression in CHO-K1 cells. 

More studies are needed to productively encapsidate DNA in AAV capsids in vitro. 

Fluorescent VLPs provide a tool for the analysis of VLP-cell interaction. In this study, FITC was 

chemically conjugated onto the formed particles via covalent bonds to visualize and image the 

AAV VLPs. The labeled VLPs internalized into human HeLa cells. This success opens opportunities 

to chemically couple a drug to AAV VLPs and label rAAV for different biological applications.  

In summary, these studies show the first evidence that AAV capsids can be assembled in a chem-

ically defined reaction or inside E. coli cells. The potentials of AAV VLPs for vaccine development, 

DNA encapsidation and imaging were also explored. These findings pave the way for using AAV 

VLPs in many different biological applications in the future. 
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2. Introduction 

2.1. Adeno-associated virus vectors 

2.1.1. AAV biology 

Adeno-associated virus (AAV) is a non-enveloped, 4.7 kb-single-stranded DNA (ssDNA) virus of 60 

capsid proteins arranged in a T=1 icosahedral symmetry (20-25 nm in diameter, Figure 1a) and a 

member of the Parvovidiae family genus Dependoparvovirus. It is dependent on other helper vi-

ruses, such as adenovirus or herpes simplex virus (HSV) for replication. In the absence of helper 

viruses, AAV is known to integrate into a specific site in the human chromosome 19q13.4.1  

Among currently 13 human and nonhuman primate serotypes, AAV serotype 2 (AAV2) is the best-

studied member,2 and AAV serotype 5 (AAV5) is the most genetically divergent AAV.3,4 The AAV2 

genome consists of two open-reading-frame (ORF) cassettes flanked by inverted terminal repeat 

(ITR) sequences (Figure 1c). The REP ORF cassette of AAV2 codes for four non-structural Rep pro-

teins (Rep 78, Rep 68, Rep 52, and Rep 40), which are responsible for AAV DNA replication, tran-

scriptional regulation, packaging of DNA genome into the preformed capsid, and site-specific in-

tegration.5–8 The CAP ORF cassette codes for three capsid proteins VP1, VP2 and VP3 (VP proteins) 

with apparent molecular masses of 87 kDa, 73 kDa, and 62 kDa, respectively.9 These proteins, 

which only differ in their N-terminus, are produced by alternative splicing and leaky scanning from 

one reading frame to achieve a molar ratio of VP1:VP2:VP3=1:1:10.10 VP3 is the main structural 

protein (Figure 1b) and can form VP3-only capsids.11  

 

Figure 1. Schematic representation of AAV capsid and genome. (a) AAV capsid with a size of 20-25 nm arranged in a 
T=1 icosahedral symmetry. (b) Ribbon diagram of AAV2 VP3 capsid protein (PDB ID: 1LP3). (c) 4.7-kb ssDNA AAV2 
genome comprises two-open-reading frame cassettes (REP and CAP) flanked by two inverted terminal repeat 
sequences (ITRs). CAP ORF codes for three capsid proteins (VP1, VP2, VP3) and accessory proteins (AAP, MAAP and 
X). 
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The CAP ORF cassette also codes in a different reading frame for the assembly-activating protein 

(AAP), which promotes capsid assembly by increasing capsid protein stability and VP-VP interac-

tions.12,13 Furthermore, the AAP of AAV2 (AAP2) also plays a role in transporting the capsid pro-

teins to the nucleolus for assembly.14 Interestingly, AAV4, AAV5 and AAV11 can assemble without 

AAP, whereas the other AAV serotypes require AAP to form capsids.4 Recently, a membrane-as-

sociated accessory protein (MAAP) coded by the CAP ORF was discovered.15 One group demon-

strated that the CAP ORF also codes for X protein, which is involved in AAV replication,16 however, 

X gene has not been detected using a Frameshift Score in another study.15 

2.1.2. rAAV applications and production 

AAV vectors have had increasing successes in many recent clinical gene therapy trials among with 

approved products on the market,17 such as Luxturna (Voretigene neparvovec) based on AAV2 for 

the treatment of patients with an inherited form of vision loss approved by the U.S. Food and 

Drug Administration (FDA) in 2017,18 Zolgensma (Onasemnogene abeparvovec) based on AAV9 

for the treatment of children with spinal muscular atrophy approved by FDA in 201919 and Glybera 

(Alipogene tiparvovec) based on AAV1 approved by the European Medicines Agency (EMA) in 

2012 to treat patients with lipoprotein lipase deficiency.20 Mammalian cell (HEK-293) and insect 

cell (Sf9) based systems are the two most commonly used methods for rAAV production, though 

they have difficulties to meet a high demand for AAV in clinical trials.21 HEK-293 cell culture is 

difficult to scale, specifically when using adherent cells, post-translational modifications of rAAV 

lead to charge heterogeneity,22 and process- and product-related impurities occur.23 While AAV 

production in Sf9 cells has drawbacks related to the genetic instability of baculovirus stocks during 

the expansion phase, the difficulty to produce infectious AAV particles with a correct capsid pro-

tein ratio and the requirement to remove baculoviruses and its components.24,25 Yeast has also 

been explored for AAV production. However, low vector yields hinder its application.26 AAV empty 

capsids can also be formed via in vitro assembly of viral protein expressed in the baculovirus sys-

tem.27 Also, the in-vitro packaging of AAV has been studied in the presence of cell extracts.28,29 

Thus, in vitro assembly of AAV from capsid protein produced in high-expression hosts and in vitro 

encapsidation of AAV genomes into capsids in a chemically defined reaction could be a feasible 

strategy for rAAV production. 

2.2. Virus-like particles 

Virus-like particles (VLPs) are highly structured protein complexes that resemble the native virus 

capsid. Due to the lack of viral genomes, the particles are non-infectious.30 These particles are a 

class of nanoparticle delivery systems that comprise a variety of nano-scale size materials.31 They 

can be either enveloped or non-enveloped, assembled from single or multiple capsid proteins.32  
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2.2.1. Capsid protein production 

VLPs are formed by self-assembly of capsid protein subunits that can be obtained either by ex-

pression and purification from different hosts, cell-free protein synthesis (CFPS) systems or via a 

disassembly procedure from in-vivo formed VLPs. 

E. coli is a preferred host for high capsid protein expression.33 Depending on the viral protein 

structure and expression method, proteins are either expressed in soluble form, which is normally 

favorable for capsid assembly, or as aggregates forming inclusion bodies within E. coli. To obtain 

more soluble proteins, different factors such as the choice of the host, the expression vector, the 

expression temperature, the induction condition and the medium can be optimized.34 Besides, 

tags can be added to the protein terminus at the genetic level to aid protein folding or purification. 

Since the additional tag may interfere with capsid formation, a protease cleavage site can be 

added and used before assembly.35–37 

Other favorable hosts for capsid protein production are Sf9 insect cells using baculovirus vectors 

and yeast, which offer advantages related to the ability to scale up and expression of post-trans-

lationally modified proteins.27,38,39 Lastly, cell-free protein synthesis systems can also be used to 

produce viral capsid proteins in defined transcription/translation reactions.40–42 

In some cases, capsid proteins have also been obtained from VLPs assembled inside the expres-

sion hosts that may contaminate cell components. Different methods have been used to disassem-

ble the VLPs. Bacteriophage MS2 VLPs produced in E. coli were disassembled at low pH, while hu-

man papillomavirus (HPV) VLPs obtained from insect cells were dissociated with a carbonate buffer 

at pH 9.6.43,44 Cowpea chlorotic mottle virus (CCMV) assembled in plants can be denatured in a 

high-salt concentration, neutral pH buffer.45–47 Urea is commonly used to disassemble the formed 

VLPs. Bacteriophage Qβ VLPs were disassembled in 6 M urea,48 whereas 2.5 M urea was sufficient 

to denature hepatitis B core protein (HBc) VLPs.49 Reducing and chelating agents can also be used in 

VLP disassembly.44,50–55 The capsid proteins can be then used to reassemble with a cargo of inter-

est. 

2.2.1.1. Protein refolding 

Capsid proteins also tend to form inclusion bodies during expression in E. coli owing to the incor-

rect folding.56 This aggregate can be easily obtained with high yields using strong denaturing con-

ditions like 6 M GuHCl or 6-8 M urea.57–61 GuHCl is usually preferable to urea due to its stronger 

chaotropic activity. Also, urea solutions may contain isocyanates that can react with free amino-

acid groups of proteins to form carbamyl derivatives.62,63 For proteins containing cysteine, reduc-

ing reagents can be used to reduce disulfide bonds during inclusion body solubilization.64 Gel fil-

tration, ion-exchange chromatography (IEX) and immobilized metal-ion affinity chromatography 
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(IMAC) could be used to purify proteins in the presence of a denaturant.62 Taken into account that 

GuHCl may interfere with protein binding to an ion-exchange column during purification. 

In vitro protein refolding has been attained by the removal of the denaturants from solubilized 

protein solutions. In order to avoid protein aggregates and/or misfolded protein, the choice of 

solubilization agent, the protein concentration, refolding conditions and refolding methods 

should be optimized.65 Various chemical additives that can act as protein stabilizers, refolding en-

hancers or aggregation inhibitors have been added to aid in vitro protein renaturation.66 Dilution 

and dialysis are the most commonly used methods to refold proteins. The latter method has been 

shown a better yield than the dilution approach. Column refolding can be used to not only 

renature proteins but also separate the folded proteins from other protein aggregates, this might 

reduce costs at the industrial scale.62,65–67 Microfluidic chips and urease-mediated refolding have 

also been studied for recovery of folded proteins from inclusion bodies.68,69  

2.2.2. Assembly of virus-like particles 

The capsid self-assembly is driven by Brownian motion and interactions between subunits, subu-

nits and other viral, non-viral components to minimize free energy in higher structures. The capsid 

assembly is proposed to occur in three steps. First, a nucleus, a small capsid fragment, is formed 

from capsid proteins in the nucleation phase. Afterwards, building blocks (a protein monomer, or 

larger capsid fragment) are added to the nucleus during the growth phase. Finally, the last building 

block is inserted to complete the capsid.70–72 VLPs can be assembled in vivo inside host cells or via 

in vitro assembly in a chemically defined reaction (Figure 2). 

2.2.2.1. In vivo assembly of VLPs 

For in vivo capsid assembly, capsid proteins are expressed and concomitantly assembled into par-

ticles in the host cells. The in-vivo particles have been produced using different expression sys-

tems, such as mammalian cells, insect cells, plant cells, yeast and bacteria.30 Among them, bacte-

ria, in particular, E. coli has been frequently used for VLP production due to its low cost and high 

yield.33 Compare to a defined in-vitro assembly, capsid assembly inside the host cells offers an 

opportunity for large-scale production, and the in-vivo VLPs can be obtained directly from the 

cells by direct purification.73–75 However, as the capsid assembly occurs within the hosts, possible 

contaminations of host-related components may impede capsid applications, especially for vac-

cine development.76 In some cases, capsid proteins tend to aggregate during expression, forming 

inclusion bodies in the cells,27,77 therefore in vitro capsid assembly is needed. 
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2.2.2.2. In vitro assembly of VLPs 

In vitro assembly of VLPs occurs in a cell-free, defined and controllable reaction. The assembly 

process is complex and highly dependent on the viral protein structure and experimental condi-

tions. There are main factors that affect in vitro assembly. 

 

 

Figure 2. Schematic representation of in vitro and in vivo capsid assembly (adapted from Le et al. 78). 

 

pH plays an important role for in vitro assembly since it effects the capsid protein charge. Most 

in-vitro assembly reactions were optimized at a physiological pH.36,58,79 Interestingly, some parti-

cles are formed during an assembly reaction at an acidic or alkaline pH. The in-vitro assembly of 

CCMV showed that the attraction among capsid proteins was optimal at about pH 5 and de-

creased sharply with an increase of pH.80 Rotavirus (RV) VLPs were also able to be developed in 

vitro at an acidic pH.61 Contrary, in vitro assembly results of Potato virus X indicated that the alka-

line pH (pH 8.5) was the most suitable condition to form VLPs.81 Besides pH, ionic strength is also 

the main factor affecting capsid assembly in vitro. Salts interact with charges on the protein sur-

face, influence the water shell and disfavor hydrophobic exposure and ultimately affect protein 

stability.82 To optimize in-vitro capsid assembly reactions, various ionic strengths need to be opti-

mized along with the change of pH.36,58,79 In addition, the effect of temperature on the capsid 

assembly also needs to be evaluated. Low temperatures are normally favorable due to avoiding 

protein aggregation and chemical degradation. For example, the in-vitro assembly of primate 
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erythroparvovirus 1 (B19) at 4°C showed a better yield than that at 37°C.58 In contrast, near-phys-

iological temperatures promoted the Rous Sarcoma Virus capsid formation in vitro described by 

Jaballah et al.83 Another report on Hepatitis virus assembly revealed that temperature regulated 

capsid assembly in vitro.84 

The in-vitro assembly of some capsids is highly influenced by the presence of nucleic acids. Cow-

pea chlorotic mottle virus (CCMV), a single-stranded RNA virus, is a well-studied model. Garmann 

et al. demonstrated that the assembly of CCMV depended on the balance of capsid protein (CP) 

– CP interactions relative to CP-RNA interactions.85 Furthermore, a high CP/RNA mass ratio was 

required to assemble CCMV VLPs.86 Recently, CCMV showed the ability to encapsidate both single-

stranded DNA (ssDNA) and double-stranded DNA (dsDNA), resulting in the formation of spherical 

or rod-like VLPs, respectively.87 Other RNA viruses also require nucleic acids for in vitro assembly. 

The assembly of Gag protein into HIV1 VLPs in a defined system was directly supported by RNA.88 

Similarly, the in-vitro assembly of Hepatitis C virus (HCV) nucleocapsid-like particles required 

structured RNA as reported by Kunkel et al.89 Bacteriophage MS2 was also assembled in vitro in 

the presence of nucleic acids.43 The assembly of the beak and feather disease virus (BFDV), a 

member of the circular ssDNA circovirus family, is regulated by its ssDNA genomes. The highly 

positive charged N-terminal arginine-rich motif (ARM) of capsid proteins directly interacted with 

ssDNA during in vitro capsid assembly.90 dsDNA viruses, such as simian virus 40 (SV40) and human 

papillomavirus (HPV), also needed DNA for in vitro capsid assembly.51,91 

Scaffolding proteins are not a component of a mature capsid. These proteins are involved in capsid 

assembly by assisting capsid formation. Providing a scaffolding protein to in-vitro capsid assembly 

reactions in many cases increased the yield of capsid formation. The assembly of different bacte-

riophages was highly dependent on a scaffolding protein, which promoted the polymerization of 

the major capsid proteins.92–96 The Herpes Simplex Virus procapsid assembly reaction from puri-

fied major capsid proteins has been reported by Newcomb et al. to require the scaffolding protein 

and to form small procapsids at a low concentration of the scaffolding protein.97 In addition, small 

molecule additives can be used to aid capsid assembly. L-arginine improved the solubility of as-

sembled VLPs by preventing aggregation during protein refolding.59,98 In a study performed by 

Lampel et al., chemical chaperones, such as methylamines enhanced HIV-1 in vitro assembly.99 

Other reagents can be combined with capsid proteins during in vitro assembly leading to new 

hybrid materials. For example, CCMV capsid proteins have been explored in combination with 

different supramolecular templates. Organo-Pt (II) monomers were added to CCMV capsid assem-

bly to form icosahedral and non-icosahedral (rod-like) CCMV VLPs.100 Micelles and DNA micelles 

were packaged inside CCMV VLPs that offer new drug delivery systems, especially for hydrophobic 

drugs.101,102 Polymers were also incorporated into CCMV VLPs during in vitro assembly.103,104 
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2.2.3. Virus-like particle characterization 

To analyze the formed VLPs, different biochemical and biophysical methods have been used. 

Standard methods are SDS-PAGE to determine size and purity, western blot to confirm the iden-

tity and UV-visible spectroscopy, which monitors amino acids (phenylalanine, tyrosine and tryp-

tophan) and nucleotides with an absorbance spectrum of about 240-300 nm to determine con-

centration.50,105,106 Other protein quantitation methods, such as Bicinchoninic acid (BCA) assay and 

Bradford assay have also been employed.50,58,107 Size exclusion chromatography (SEC) and dy-

namic light scattering (DLS) are widely used to characterize the size of VLPs.59,108–110 The latter 

method provides the heterogeneity of the VLP samples and the mean of particle hydrodynamic 

diameter, which is normally greater than the physical diameter. Stability has been assessed using 

techniques such as differential scanning calorimetry.111 Structural integrity has been verified by 

circular dichroism spectroscopy (CD) and Fourier-transform infrared spectroscopy (FT-IR).112 The 

nucleic-capsid protein interactions have been determined by gel retardation assay, optical 

tweezers (OT) and acoustic force spectroscopy (AFS).86,91 VLP morphology and possible interme-

diate aggregates formed during assembly can be visualized using transmission electron micros-

copy (TEM) or atomic force microscopy (AFM). Moreover, TEM can also be used to discriminate 

between empty and encapsulated VLPs,86,92 AFM can assess the VLP height profile.59,113,114 A VLP 

high-resolution structure can be determined using Cryo-EM85 or crystallography.90 Mass 

spectrometry has been used to identify VLP composition.115 ELISAs with an intact-particle anti-

body help to confirm VLP conformation.59  

Understanding capsid self-assembly pathways will help to elucidate the mechanisms of virus 

infection and replication that can be implied for therapeutic applications. Different methods have 

been used to characterize intermediate assemblies and the assembly pathways of virus capsids, 

such as electron microscopy,116–119 X-ray crystallography,90 atomic force microscopy,90,91,118 small-

angle X-ray scattering,120–125 mass spectrometry,126–128 size-exclusion chromatography,117 

resistive-pulse sensing,117,129 interferometric scattering microscopy,130 single-molecule 

fluorescence correlation spectroscopy,131 optical tweezers in combination with confocal 

fluorescence microscopy and acoustic force spectroscopy.91,132 Recently, high-speed atomic force 

microscopy (HS-AFM), a powerful single-molecule technique for real-time visualization of 

biomolecules in dynamic action,133 has been used to visualize self-assembly of HIV capsid protein 

lattice.114 This physical virology technique enables real-time capsid assembly studies of other 

viruses in the future. 
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2.2.4. Virus-like particle applications 

2.2.4.1. Vaccine development 

VLPs are composed of protein monomer units in a repetitively ordered structure that is appropri-

ate for vaccination. With a size of 20-200 nm in diameter, VLPs are able to induce a strong immune 

response.76 Compared to subunit peptides or proteins, VLPs present a natural epitope confor-

mation that benefits an antiviral B- and T-cell immune response. Moreover, due to the highly re-

petitive epitope presentations, VLPs can induce a strong B cell response even without adju-

vants.134–136 Another advantage is that a foreign epitope can be chemically or genetically incorpo-

rated onto the VLP surface, offering a flexible platform to create different vaccine candidates.137–

140 

VLP-based vaccine development has significantly progressed in the clinic in recent years along 

with approved products on the market.141 These vaccine candidates have been produced in vivo 

or by a cell-free system. In-vivo VLP-based vaccines against Hepatitis B virus (HBV) have been pro-

duced in CHO cells.141,142 Recently, in-vivo VLP vaccine candidates produced in plants have been 

developed against influenza viruses and SARS-CoV-2.143,144 Compared to in-vivo VLP production, 

which potentially contaminates host-derived components resulting in unpredictable immune re-

sponses, a cell-free VLP technology offers a better control during production with many vaccines 

on the market (Cervarix,145 Gardasil and Gardasil 9,112,146 and Cecolin147,148 for human papilloma-

virus (HPV), ENGERIX B, Fendix149,150 and Recombivax HB151,152 for Hepatitis B virus (HBV), Hecolin 

for Hepatitis E Virus (HEV)111,153–155) and many candidates currently in clinical trials (HPV 9-valent 

vaccine candidate,156 SARS-CoV-2 vaccine candidate,110,157 influenza virus vaccine candidate,158,159 

and human respiratory syncytial virus (RSV) vaccine candidate.38,160,161). 

2.2.4.2. Nucleic acid and drug delivery 

VLPs are attractive candidates to deliver nucleic acids, drugs or small molecules due to their bio-

compatibility, biodegradability and targeted delivery.162,163 Different cargo-loading strategies have 

been explored with both in-vivo and in-vitro VLPs.164 Nucleic acids have been packaged by differ-

ent in-vitro approaches, which occur via disassembly/reassembly of the formed VLPs or during in 

vitro assembly of purified proteins into VLPs. CCMV has widely been exploited in nucleic acid en-

capsidation and delivery. CCMV particles produced in plant or E. coli can be disassembled in a high 

salt concentration, neutral pH buffer, and afterwards nucleic acids were added and dialyzed into 

a low salt concentration or acidic buffer.45,46,87 The nucleic acids were encapsidated into CCMV 

VLPs via the electrostatic interaction to capsid proteins during capsid assembly. Simian virus 40 

(SV40) and human papillomavirus (HPV) VLPs were also used for gene delivery.51–53,55,165,166 These 

VLPs produced in insect or human cells were dissociated in the presence of a metal chelator 
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(EDTA, EGTA) and a reducing agent (DTT). Afterwards, dsDNA encapsidation and capsid reassem-

bly occurred in a buffer containing MgCl2 and CaCl2. Additionally, VLPs were also used for RNA 

delivery. Bacteriophage MS2 produced in E. coli was disassembled in glacial acetic acid, then RNA 

or an RNA-conjugated drug was encapsidated into the particles by dialyzing into a pH-6 assembly 

buffer.43,167 Nucleic acids can also be packaged into VLPs via in vitro assembly of purified capsid 

proteins and nucleic acids. The capsid protein of the beak and feather disease virus (BFDV) was 

expressed in soluble form in E. coli and purified by IMAC and size exclusion chromatography. After 

that, purified capsid proteins and ssDNA were mixed to form DNA-encapsidated VLPs.90  

VLPs have also been explored in drug delivery with different approaches.163,168 Capsid proteins 

have been chemically conjugated with drugs via primary amino acids with amide bonds. Doxoru-

bicin (DOX), a chemotherapy drug, was incorporated into Rotavirus (RV) and Cowpea chlorotic 

mottle virus (CCMV) capsid proteins. The DOX-conjugated VLPs assembled via in vitro assembly 

were used for therapeutic delivery.61,169 Besides, genetic modification of VLPs could be used in 

drug delivery. In this method, a peptide or protein can be genetically fused to capsid proteins. For 

example, tumor-targeting peptide RGD was incorporated into Hepatitis B core VLPs for targeting 

cancer cells.49 A nanobody can be genetically inserted into the hepatitis B virus VLPs.170 Moreover, 

drugs can also be encapsidated into formed VLPs by diffusion171 or during a VLP self-assembly 

reaction.172 With similar strategies, fluorescent VLPs can be generated for visualization and imag-

ing of the particles, analysis of VLP-host interaction and also tracking drug-conjugated VLPs in vivo. 

To do this, fluorophores have been labeled by a non-covalent, covalent attachment, or genetically 

fused to capsid proteins.173,174 Another widely used labeling method for medical imaging is 

encapsidation of nanoparticle templates, such as quantum dots, gold nanoparticles or other 

magnetic nanoparticles into VLPs via in-vitro assembly reactions.175–178  
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3. Aim 

Vectors based on the adeno-associated virus have emerged as leading candidates in gene therapy 

with three approved products by EMA and FDA and many ongoing clinical trials. Currently, rAAV 

production in HEK-293 and Sf9 cells remains challenging due to the very high demand for rAAV 

vectors in research and clinical trials. AAV vectors have been used for a large number of gene 

therapy applications, though the AAV capsid assembly mechanism is still unclear. Meanwhile, 

empty capsids or VLPs, which lack DNA genomes, have been widely used for various applications 

including vaccine development with many products on the market, drug delivery and materials 

science. VLPs also offer a potential platform for genetic payloads in gene therapy.  

Therefore, the main aim of the thesis is to establish a new method to assemble AAV capsids using 

E. coli for a feasible rAAV production method based on AAV VLP in vitro assembly and DNA encap-

sidation. This also contributes to a better understanding of the AAV capsid assembly biology. At 

the same time, AAV VLPs can be applied for different biological applications. To do this, the ex-

pression and assembly of the VP3 protein of the most-studied AAV serotype AAV2 and the most 

genetically divergent serotype AAV5 should be studied. An effect of AAP protein during capsid 

assembly is also to be evaluated.  

VLPs have been commonly produced for vaccines with many products on the market. AAV VLPs 

produced in mammalian cells have also been studied for vaccine development. Mammalian cell-

based AAV VLP production is expensive and may contaminate cellular components. This thesis will 

therefore focus on expression of SARS-CoV-2 receptor-binding domain (RBD) and receptor-bind-

ing motif (RBM) fused to AAV2 VP3 in E. coli, formation and characterization of modified AAV 

VLPs, and immunogenicity of AAV VLPs comprising RBD and RBM.  

In addition, to explore the application of E. coli AAV VLPs in gene therapy that might help to ad-

dress the bottleneck of current rAAV production systems, the encapsidation of ssDNA into the 

assembled AAV capsids is of great interest. To test this hypothesis, ssDNA will be produced and 

assembled with modified AAV5 VP3 proteins containing a DNA-binding domain in a chemically 

defined buffer condition. Finally, to visualize and image AAV VLPs, fluorophore conjugation of 

VLPs and the cellular uptake of the VLPs should be studied.  
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4. Results and Discussion 

4.1. AAV2 capsid protein expression and in vitro assembly 

Results of this work were published in Scientific Reports journal with the title ‘‘Adeno-associated 

virus capsid protein expression in Escherichia coli and chemically defined capsid assembly’’ and 

are summarized in this chapter. The original publication is included in the appendix (8.3). 

AAV has emerged as the most prominent candidate for gene therapy approaches. However, sev-

eral steps of AAV capsid assembly remain unclear. At the same time, an effective method to pro-

duce AAV is needed, which should address the issues of current production systems.179 AAV as-

sembly has been proposed to occur in two steps. Empty capsids form and are then filled with their 

single-stranded DNA genome.7 Hence, production of empty capsids from E. coli might not only 

help to elucidate the AAV biology aspect in capsid assembly, but also provide a feasible strategy 

for future AAV production. In this chapter, capsid proteins were produced in E. coli and AAV2 

capsids formed in a chemically defined assembly reaction.  

4.1.1. AAV2 VP3 capsid protein expression and purification 

AAV2 VP3 wild type (VP3wt) protein is known to form VP3-only capsids.11 Therefore, the codon 

usage of the VP3wt gene was optimized for E. coli and cloned as a synthetic gene into a pET vector 

downstream of a T7 promoter without an additional tag (Figure 3a). We tested different expres-

sion conditions in shake flasks with the BL21(DE3) host, such as temperature (37°C, 25°C and 

18°C), OD at induction (OD600 of 0.6, 1.5 and 2.5) and duration of cultivation after induction (6 h, 

18 h) to obtain soluble protein. However, only inclusion bodies were obtained due to suspected 

folding problems and growth-limiting effects of VP3wt protein to E. coli. Consequently, we settled 

with overexpression with the T7 system in inclusion body form at 18°C and induction of expression 

at an OD600 of 1.5 for 18 h (Figure 3b, lane 5). The identity of the VP3 protein was confirmed by 

western blot analysis using the antibody B1. Interestingly, in addition to a strong band at the ex-

pected size of VP3wt (theoretical mass 60.06 kDa), the B1 antibody identified four weaker and 

smaller bands. This suggests that VP3wt is unstable during expression (Figure 3c, lane 2 and lane 

4). Capsid proteins were then solubilized under a denaturing condition (8 M Urea) and purified by 

denaturing anion-exchange chromatography (IEX). SDS-PAGE analysis of purified protein showed 

a major protein band at about 60 kDa which is in agreement with the theoretical mass of VP3wt 

(Figure 3d). The purified protein yield with one degradation band around 50 kDa was around 10 

mg per liter of culture with an estimated final purity of the correct-mass protein of 79 % (by SDS-

PAGE).  
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E. coli is one of the most attractive hosts to produce recombinant proteins, because of well-es-

tablished protocols and low cost. Due to the high level of expression in E. coli, heterologous pro-

teins tend to aggregate and form inclusion bodies with a lack of biological activity. For proteins 

that can be refolded in vitro, however, especially for toxic or unstable proteins or proteins with 

potential protease activity, inclusion body formation can be advantageous due to the high volu-

metric yield and easy purification.180 In addition, viral particles forming in E. coli might encapsidate 

bacterial polymers such as DNA or RNA, which are then difficult to remove and not desired for 

human application. In this study, VP3wt protein expression blocked E. coli growth at physiological 

temperatures and no useful amounts of VP3 were obtained in soluble form even at low tempera-

tures. However, VP3 was effectively expressed in inclusion bodies and subsequently easily purified 

by a one-step purification using IEX. The presence of VP3 was confirmed during expression with 

the B1 antibody, which recognizes a C-terminal epitope of VP3.181 Next to the major VP3 band, 

additional lower molecular weight bands were detected in western blots. We suppose that VP3 is 

proteolytically degraded, possibly by an intrinsic protease activity as found in AAV2 particles,182 

or cleaved by E. coli proteases. 

4.1.2. AAV2 VP3 VLP assembly in vitro and characterization 

VP3wt proteins in denaturing buffer were used as the starting material for refolding and concom-

itant in vitro assembly to VLPs. In other studies, capsid formation from denatured protein was 

initiated by the removal of denaturant.98,183 To test this strategy, the AAV2 VP3wt sample, which 

was concentrated and re-buffered in denaturing buffer with 5 M guanidine/HCl and 1 mM DTT as 

 

 
Figure 3. Expression of AAV2 VP3wt protein in E. coli. (a) Schematic representation of VP3wt protein expression constructs 
downstream of a T7 promoter. Either a His6-tag coding sequence was incorporated at the a.a. 587 coding position or a 
TEV_cleavage_site-His6-tag coding sequence was cloned 3’ of the VP3wt gene. (b) Coomassie stained SDS-PAGE of VP3wt 
expression; lane 1, protein standard; lane 2, whole-cell protein of E. coli BL21(DE3) before induction; lane 3, whole-cell 
protein 18 h post-induction with IPTG; lane 4, soluble fraction of intracellular protein 18 h post-induction; lane 5, insoluble 
fraction of intracellular protein. (c) Western blot analysis; lane 1-4, samples corresponding to lane 2-5 (b) detected with B1 
antibody. (d) SDS-PAGE of VP3wt protein after IEX purification. The black vertical line divides two different crops of the 
same gel. 
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reducing agent, was dialyzed against PBS buffer containing 0.2 mol/l L- arginine at different pH 

conditions (pH 6, pH 7.5, pH 8.5, and pH 9). Significant amounts of VP3wt protein precipitated at 

pH 6 and pH 7.5. At pH 8.5 and pH 9, however, precipitation decreased. At these pH values, after 

removal of aggregates by centrifugation and filtration, the yield of soluble protein was around 

36% at pH 8.5 and 70% at pH 9. Since particles aggregated when going back to the neutral pH, the 

samples were used at pH 9 for further characterization.  

First, the presence of VLPs and/or their intermediate forms was analyzed by dynamic light scat-

tering (DLS) at pH 9. The dialyzed VP3wt sample showed a mean hydrodynamic diameter of 37.7 

 

Figure 4. Characterization of AAV2 VP3wt VLPs. (a) Size distribution of VP3wt VLP determined by DLS at pH 9.0. (b) 
ELISA detected with anti-intact-capsid AAV2 antibodies (A20 mAb or A20 scFv-Fc); samples were rAAV2 particles (1.6 
× 109 particles/ml) and VP3wt VLPs (50 µg/ml). (c, d) AFM images of rAAV2 and VP3wt VLPs, respectively. Scale bars 
are 100 nm. (e) AFM height profiles of rAAV2 and VP3wt VLPs. (f) Box plot of the size distribution of rAAV2 particles 
and VP3wt VLPs determined by AFM (n=9, mean ± SD, box from first to third quartile, cross median marker). 
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nm and a polydispersity of 0.22 indicating homogeneity and the assembly of VLPs (Figure 4a). 

Note that the hydrodynamic size is always greater than the physical size, and that this result is 

consistent with the hydrodynamic size of rAAV measured by DLS from other reports (34.4 nm or 

38.2 nm).184,185  

Next, the AAV2 VP3wt VLP conformation was assessed by ELISA with the A20 monoclonal anti-

body (mAb), which only binds to assembled AAV2 capsids.181 Parallel to the A20 antibody, we also 

used a recombinant A20 single-chain Fv fragment Fc fusion antibody variant (A20 scFv-Fc) cloned 

in our lab and produced in HEK-293 cells.186 The ELISA signals indicated correctly assembled VLPs 

(Figure 4b). We compared the ELISA result to a sample of rAAV2 with known capsid concentration 

and estimated the ratio of correctly assembled particles to be 1 VLP per 5000 theoretical VLPs 

based on VP3wt concentration (i.e. protein concentration divided by 60). The total yield from 0.23 

mg denatured protein was 5 × 109 correctly assembled VLPs in 1.5 ml. With the protein production 

yield of about 10 mg per litter culture, we estimate the yield of AAV2 VLPs would be 2.2 × 1011 

VLPs per liter LB culture. Compared to AAV2 VLP production yield using adherent HEK-293 cells in 

our lab that is estimated about 2 × 1011 AAV2 VLPs per 100 ml culture (using plasmid p∆RepCap, 

derived from plasmid pZMB0216 (Table 14)), or about 1.1 × 1011 AAV2 VLPs per 100 ml culture 

(using a pcDNA5 vector, pZMB0602) (data unpublished), the production in E. coli could offer a 

cheaper method for AAV2 VLP production.  

The physical size and height profile of the particles were measured by atomic force microscopy 

(AFM). Recombinant AAV2 produced in HEK-293 cells was used for comparison. The shape and 

diameter of rAAV2 and VP3wt VLPs were similar, spherical and around 22 nm in diameter (Figure 

4c, d, e, f), which is expected for AAV.187 In the AFM images of the in-vitro assembly, we found 

other particles with a smaller diameter, which we attribute to assembly intermediates or protein 

monomers. The mechanism of capsid assembly of an icosahedral virus is known to involve the 

formation of intermediate forms, and our observation correlates with those obtained for in vitro 

production of other icosahedral capsids.98,118 

We used HeLa cells to evaluate cellular uptake and thereby biological activity of VP3wt VLPs, as 

these cells are known to have a high density of AAV2’s primary receptor heparan sulfate proteo-

glycan.188 Using a fluorophore-tagged A20 antibody (red fluorescent signal), we were able to iden-

tify rAAV2 and VP3wt VLPs inside HeLa cells by fluorescence microscopy after 2 h of coincubation 

and subsequent fixation and permeabilization (Figure 5). No red fluorescent background signal 

was seen in the buffer control treated with the detection antibody (Figure 5a). The distribution of 

rAAV2 was shifted towards the nucleus (Figure 5b), while VP3wt VLPs were widely distributed in 
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the cytoplasm, potentially in endosomes (Figure 5c). We attribute this to the known nuclear trans-

location role of VP1, however, most of rAAV2 particles were still located in the cytoplasm after 2 

h. This result indicates that VP3wt VLPs are biologically active and can internalize into cells. 

 

AAV2 binds to permissive cells using heparan sulfate proteoglycan (HSPG)189 and other surface 

proteins including human fibroblast growth factor receptor 1 (FGFR1)190 and hepatocyte growth 

factor receptor (MET)191 as the putative co-receptors. Recently, a universal AAV receptor was 

identified with high affinity to multiple AAV serotypes.192 These receptor-virus interfaces all lie 

within the VP3-only capsid. After attachment to the cell membrane, AAV2 internalizes by recep-

tor-mediated endocytosis. Endosomal escape and nuclear entry, the next steps in infection, are 

attributed to the VP1 capsid protein.193,194 Therefore, VP3wt VLPs should be able to enter cells 

that express the corresponding receptors but should not be able to translocate to the nucleus. 

We show that 2 h after transduction with the given buffer conditions, VP3wt VLPs internalized 

and distributed granular in the cytosol without nuclear preference, which is compatible with ex-

pectations of endosomal confinement. rAAV2 from mammalian production showed a similar ap-

pearance albeit with a shift towards the nucleus. These observations are consistent with a previ-

ously described distribution of rAAV2 and rAAV2 with deleted VP1 after infection of HeLa cells,195 

which supports the finding of biological activity of our VLPs. Further work will elucidate the inter-

nalization pathway of the particles. 

4.1.3. In-vitro AAV2 VLP assembly yield improvement by AAP2 supplement 

AAP2 plays a critical role in AAV2 assembly. To investigate the impact of AAP2 on the production 

of AAV2 VLPs in vitro, we expressed AAP2 in E. coli. For detection and purification, we added a C-

 

Figure 5. Fluorescent microscopy images of rAAV2 and VP3wt VLPs internalization. HeLa cells were incubated with 
either (a) medium, (b) rAAV2 (3 × 104 particles/cell) or (c) VP3wt VLPs (final concentration of 50 µg/ml) at 37°C. After 
2 h, cells were fixed, permeabilized and stained with A20 antibody followed DyLight 594 conjugated secondary anti-
body (red) as well as with DAPI (blue) and imaged with a 40× objective. Scale bars are 10 µm. 
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terminal His-tag (Figure 6a), as a modification at this position does not interfere with AAP func-

tion.196 As for VP3, we tested various expression temperatures, such as 37°C, 25°C and 18°C, to 

acquire AAP2 in soluble form. At 18°C, AAP2 was expressed as a soluble protein, however, most 

proteins degraded during expression. Therefore, we settled with an inclusion body production at 

37°C and convenient purification by immobilized metal ion affinity chromatography (IMAC) under 

denaturing conditions (Figure 6b). Under these conditions, AAP was stable. We observed an ap-

parent molecular weight of AAP2 of about 28 kDa, which is consistent with AAP2 produced in HEK-

293 cells.4 AAP2 was then added to the in-vitro assembly reaction in the presence of 5 M guanidine 

with VP3wt:AAP2 ratios of 1:2 or 2.5:1 and the refolding and assembly was performed as de-

scribed. After dialysis, analysis by ELISA revealed that even though VP3wt only can form capsids 

on its own, AAP2 enhanced the in-vitro assembly (Figure 6c). Specifically, at a ratio of VP3wt:AAP2 

of 1:2, the ELISA signal of VLP particles was 1.9 times greater than that of the VP3wt-only assembly 

reaction. This suggests that the yield of in vitro assembly increases in the presence of AAP2. 

 

 
Figure 6. Impact of AAP2 on AAV2 in vitro assembly. (a) Schematic representation of AAP2 expression construct. A 
His6-tag coding sequence was added 3’of the AAP2 gene. (b) Coomassie SDS-PAGE (1) protein standard; (2) insoluble 
fraction of intracellular protein before purification; (3) IMAC purified protein; (4) Western blot of the insoluble frac-
tion detected with anti-His-tag antibody. (c) ELISA after in vitro assembly using the same final protein concentration 
(50 µg/ml) with different ratios of VP3wt:AAP2. 
 

Our study provides evidence that AAV2 VP3 proteins can form capsids in vitro, even in the com-

plete absence of AAP2. AAP2 likely acts as a chaperone and/or a scaffold that directly or indirectly 

binds the lumenal surface of VP proteins and plays a role in VP stability and in VP oligomerization 

during assembly.13,197 However, the exact action mode of AAP2 in AAV2 assembly remains unclear. 

Our initial results of AAP2-free assembly agree with the previous report from Steinbach et al.,27 

although the authors of this study used HeLa cell extract for assembly. Here, by using a chemically 

defined reaction, we present direct evidence that the ability to form a capsid is entirely a property 

of VP3. To further investigate the role of AAP2 in capsid assembly, we expressed it in E. coli as 

inclusion bodies. Subsequent addition of solubilized AAP to our assembly reaction resulted in a 
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1.9-fold increase of mAB A20 positive particles over the AAP2-free assembly reaction. Although 

the complexity of the experiment provides a challenge for interpretation, the result indicates that 

AAP2 directly aides in capsid assembly, next to its before described function in VP stabilization by 

inhibition of proteasomal, lysosomal or autophagosomal degradation and nuclear translocaliza-

tion.13,14 

4.1.4. In-vitro AAV2 VLP modification 

Incorporation of peptides into the capsid is an important strategy in AAV retargeting198 and also 

gains interest in vaccine development.199,200 To evaluate the effect of small peptide insertions on 

in vitro assembly, we chose two sites for modification. We genetically incorporated either a tag 

containing a TEV protease cleavage site followed by a His-tag at the C-terminus (VP3 CTTEVHis6) 

or a His-tag into the 587-loop (VP3 587His6) of VP3wt protein (Figure 7a, Figure 8a). The two sites 

were previously described to tolerate insertions in vivo.198,201 We found that neither insertion of 

the tag at the C-terminus nor the 587-loop affected protein expression in E. coli. In vitro assembly 

of both modified proteins formed VLPs according to DLS, AFM and TEM measurements (Figure 

7b, c, Figure 8b, c, d).  

In ELISA, the anti-capsid A20 antibody did recognize VP3 587His6 particles as did the A20 scFv-Fc 

recombinant antibody construct (Figure 7d) indicating wt-identical VLP assembly. Interestingly, 

ELISA results also showed that the A20 monoclonal antibody did not bind to VP3 CTTEVHis6 VLPs 

 

 
Figure 7. The effect of incorporation of a small peptide into the 587-loop on AAV2 in vitro assembly. (a) 
Representations of VP3wt protein structure (PDB ID: 1LP3) with highlighted 587-loop. (b) DLS size distribution of VP3 
587His6 VLPs (35.7 ± 7.5 nm). (c) AFM image of VP3 587His6 VLPs. Scale bars are 100 nm. (d) ELISA of VP3 587His6 
VLPs using either A20 mAb or A20 scFv-Fc antibody for detection. 
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although particles were present (Figure 8c, d, e). In contrast, the A20 scFv-Fc readily recognized 

VP3 CTTEVHis6 VLPs. These findings suggest a more flexible binding mode of this antibody con-

struct. The broader binding of the single-chain construct can possibly be attributed to its general 

structural flexibility, allowing binding of slightly distorted capsids. One group found that a VP3 C-

terminal His-tag is compatible with biological function201 and another found that the tag interferes 

with capsid assembly in vivo.202 From our data, we can conclude that a C-terminal His-tag is com-

patible with forming particles which are very similar in shape and diameter to wt capsids, but 

show subtle structural differences revealed by A20 mAb recognition. The results also show that 

the 587-loop of VP3 is a potential position for capsid modification of particles assembled in a 

chemically defined reaction. As the capsid is known to tolerate these modifications in vivo,198,201 

our result hints that the in-vitro assembly process in general reflects the cellular process. Since 

the loop-region is exposed on the capsid surface, this opens the possibility to produce VLPs with 

modified tropism. Furthermore, these modified VLPs could be used to display functional proteins 

and act as antigen carriers for vaccination as described before for other virus particles.33,203 

 

Figure 8. The effect of incorporation of a small peptide at the C-terminus of VP3wt on AAV2 in vitro assembly. (a) 
Representations of VP3wt protein structure (PDB ID: 1LP3) with highlighted C-terminus. (b) DLS size distribution of 
CTTEVHis6 VLPs (35.9 ± 5.5 nm). (c) AFM image of VP3 CTTEVHis6 VLPs. (d) TEM image of VP3 CTTEVHis6 VLPs. Scale 
bars are 100 nm. (e) ELISA of VP3 CTTEVHis6 VLPs using either A20 mAb or A20 scFv-Fc antibody for detection. 
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4.2. Expression and concomitant assembly of AAV5 VLPs inside E. coli 

Results of this project were mainly summarized in a manuscript with the title ‘‘Expression and 

concomitant assembly of adeno-associated virus-like particles inside Escherichia coli’’. This work 

was also presented partially at the American Society Gene and Cell Therapy 23rd Annual Meeting 

and published in Molecular Therapy with the title ‘‘AAV Capsid Assembly Using Escherichia 

Coli’’.204 The manuscripts are included in the appendix (8.3). 

To obtain more AAV capsids for therapeutic applications, AAV5 was chosen for VLP production in 

E. coli. Among 13 known human and nonhuman primate AAV serotypes, AAV serotype 5 is the 

most genetically divergent AAV and its capsid can assemble without AAP.3,4 This project aimed to 

produce AAV5 VLPs, based on the straightforward expression of capsid proteins in E. coli and sub-

sequent direct purification of VLPs from the soluble protein fraction as described in Figure 9.  

 

 
Figure 9. Schematic representation of AAV5 VLP production in E. coli. 

4.2.1. AAV5 VP3 capsid protein expression and concomitant assembly in E. coli 

As AAV is able to form capsids with only VP3 proteins,11 we optimized the codon usage of the 

AAV5 VP3 (VP3) gene for E. coli expression using the GeneArt online software tool (Thermo Fisher 

Scientific) and cloned it into a pET vector (Figure 10a). To assess the expression level, we tested 

two different expression temperatures (at 37°C and 18°C) and performed a western blot analysis 

with the B1 antibody, which recognizes unassembled VP proteins. As a result, VP3 protein was 

observed with an apparent mass of about 60 kDa at both 37°C and 18°C, which is consistent with 

its theoretical molecular weight (59.55 kDa) (Figure 10b). At 37°C, VP3 protein mainly formed 

inclusion bodies (Figure 10b, lane 1, 2, 3), conversely, VP3 protein was highly soluble at 18°C (Fig-

ure 10b, lane 4, 5, 6). We attribute this to the impact of temperature to reduce protein misfolding 

during expression in E. coli. It is known that aggregation is favored at higher temperatures during 

protein folding due to the temperature dependence of hydrophobic interaction.205,206 Interest-

ingly, in addition to the full-size VP3 protein band, other bands with lower molecular weight were 
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also detected by the antibody. The B1 antibody specifically recognizes an epitope at the C-termi-

nus of VP proteins,181 indicating that AAV5 VP3 protein was not stable during expression. This 

occurrence is possibly due to either an intrinsic protease activity of the protein or E. coli protease 

activity, a phenomenon we also observed during AAV2 VP3 expression in E. coli.59  

Since a large part of the VP3 protein was soluble with the 18°C expression protocol, we analyzed 

whether VLPs spontaneously formed during capsid protein expression. To detect VLPs in the su-

pernatant lysed E. coli extract, we performed a dot blot using an anti-intact-AAV5 antibody 

(ADK5a), which only binds AAV5-assembled capsids but not unassembled capsid proteins.207 The 

results shown in Figure 10c indicate the presence of VLPs in E. coli harboring the pET24-AAV5-VP3 

vector after induction and expression (Figure 10c, lane 2), while there was no particle detected in 

the control sample of cell extracts from untransformed E. coli (Figure 10c, lane 1).  

 

 
Figure 10. Expression of AAV5 VP3 protein in E. coli. (a) Plasmid map of pET24-AAV5-VP3. (b) Western blot analysis 
of VP3 expression with B1 antibody (whole-cell proteins (W), soluble fraction (S) and insoluble fraction (I) of 
intracellular proteins); Lane 1, 2, 3: expression for 4 h at 37°C; Lane 4, 5, 6: expression for 18 h at 18°C. (c) Dot blot 
of E. coli cell extracts with anti-AAV5 (intact capsid) antibody (ADK5a); lane 1, E. coli BL21(DE3) cell extracts; lane 2, 
E. coli BL21(DE3) containing pET24-AAV5-VP3 vector cell extracts. 
 

4.2.2. AAV5 VP3 VLP purification and characterization 

We next tested to purify the assembled particles by POROS AAVX affinity resin which contains a 

single-domain [VHH] antibody fragment known for AAV-capsid specific binding.208 The SDS-PAGE 

of the purified sample displayed a band with the expected size of VP3 protein (Figure 11a, lane 

2), which was also identified by the B1 antibody (Figure 11b), even though other contaminating 

proteins remained. 

To detect the purified VLPs, we performed an ELISA with the ADK5a antibody. Besides the VLPs, 

we used rAAV5 produced in HEK-293 and also purified by POROS AAVX resin as control. Our ELISA 

data in Figure 11c reaffirmed the presence of AAV5 VLPs after purification. To detect possible 

encapsidation of host nucleic acid polymers (DNA/RNA) during VLP production in E. coli, an aga-

rose gel electrophoresis of heated rAAV5 and VLPs was performed. After staining with SYBR Gold, 
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no nucleic acid polymers were found inside VLPs, while a DNA band, potentially rAAV5 genomes, 

was detected within rAAV5 (Figure 11d). Within the limits of this analysis, we conclude that cap-

sids should mostly be empty and this finding offers the prospect of loading of genetic materials 

into the empty VLPs either within E. coli cells or in an in-vitro reaction.  

Furthermore, we used atomic force microscopy (AFM) to analyze the size and morphology of the 

purified particles. We found homogeneous particles with a size of about 25 nm and a height of 

around 15 nm in both rAAV5 and VLP samples (Figure 11e, f, g, h). This is characteristic of AAV 

particles and consistent with a previous report.209 Notably, the previous reports showed that the 

insertion of a peptide onto a loop of AAV5 capsid did not interfere with capsid formation in HEK-

293 production.210,211 Thus, the AAV5 capsids produced in E. coli can be used for an antigen display 

in vaccination. 

 

 
Figure 11. Purification and characterization of AAV5 VLPs. (a) SDS-PAGE of purified VLPs; lane 1, protein ladder; lane 
2, sample after purification by POROS AAVX resin column. (b) Western blot analysis of sample after purification (Fig-
ure 11a (lane 2)) with B1 antibody. (c) ELISA probed with anti-AAV5 (intact capsid) antibody (ADK5a). (d) Agarose gel 
electrophoresis (rAAV5 and VLPs were heated at 95°C for 10 min, run in 1% Agarose gel, TAE buffer and stained by 
SYPR Gold; lane 1, rAAV5 (4 × 1010 rAAV particles/well); lane 2, VLPs (about 4 × 1010 VLPs/well). (e) AFM image of 
rAAV5 produced in HEK-293. (f) AFM image of AAV5 VLPs produced in E. coli. (g) Height profile of rAAV5 and VLPs. 
(h) Box plot of the size distribution of rAAV5 and VLPs determined by AFM (n = 20, mean ± SD, box from first to third 
quartile, cross median marker). 
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We used HeLa cells to assess the cellular uptake of VLPs and thereby their biological activity. HeLa 

cells were incubated with rAAV5 and AAV5 VLPs, fixed, permeabilized and stained with the ADK5a 

antibody and a fluorescent coupling secondary antibody. After 2 h of incubation, both rAAV5 and 

VLPs were found inside the cells (Figure 12b, c), while no signal was detectable in the buffer con-

trol (Figure 12a). The particle distribution after 2h was in line with the previous reports of rAAV5 

internalization into HeLa cells.212,213 AAV5 enters into the cell by receptor-mediated endocytosis. 

The particles initially bind to α2-3 sialic acid on the cell surface as a primary receptor,214 then 

interact with the platelet-derived growth factor receptor (PDGFR)215 and the polycystic kidney 

disease 1 (PKD1) domain of the AAV receptor.192,216 Since the recognized domains of AAV5 are 

present on the VP3-only capsid exterior, VP3-only AAV5 capsids are able to internalize into cells. 

This finding demonstrated the biological activity of VLPs and offers an application of VLPs in drug 

delivery into human cells. 

 

 
Figure 12. Internalization of rAAV5 and VLPs. HeLa cells were treated with (a) buffer, (b) rAAV5 or (c) VLPs. Samples 
were stained with the ADK5a antibody followed by a Dylight 594 conjugated secondary antibody (red) and DAPI 
(blue). Scale bars are 10 µm. 
 

 

4.2.3. Co-expression of AAV5 VP3 and AAP5 in E. coli improved capsid assembly 
yields 

rAAV5 is able to form capsids without AAP5 in HEK-293 cells, although the supply of AAP5 in trans 

improves rAAV production significantly.4 Therefore, we cloned AAP5 with a His-tag coding se-

quence 3’ of the gene into another pET vector (pET21-AAP5, Figure 13a) and co-transformed E. 

coli with this vector and pET24-AAV5-VP3 vector (Figure 10a). The addition of a tag at the C-ter-

minus of the AAP protein has previously been shown not to interfere with AAP function,196 and 

allows the detection of AAP5 expression. AAP5 was successfully co-expressed with VP3 in E. coli 

as proven by western blot analysis (Figure 13b, c). Notably, in addition to the experimentally ex-

pected band of AAP5 (about 33 kDa),4 degraded fragments were also visible (Figure 13b), which 

is in agreement with a previous report of AAP5 expression in HEK-293 cells.217 Furthermore, the 

expression of VP3 protein in E. coli expressing also AAP5 was lower compared to VP3 expression 
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in E. coli harboring VP3 only (Figure 13c). However, even though a reduced amount of VP3 protein 

was observed, the assembled particles significantly increased in the co-expression system as 

shown by western blot analysis with the B1 antibody of POROS AAVX purified particles (Figure 

13d) and about 3.6-fold by sandwich ELISA with PKD1 as a capture agent (produced in E. coli) and 

the ADK5a antibody as detection antibody (Figure 13e). This is the first evidence that AAP5 helps 

to improve the capsid production in E. coli and hints again on the fundamental chaperone activity 

of AAP, which was reported during AAV capsid production using mammalian cells,12 yeast26 and 

in vitro assembly.59  

 

 

 
Figure 13. Co-expression of AAP5 and AAV5 VP3 in E. coli. (a) Plasmid map of pET21-AAP5. A His6-tag was inserted 
at the C-terminus of AAP5. (b) Western blot with the anti-His-tag antibody of the soluble fraction of intracellular 
proteins after induction and expression; lane 1, E. coli harboring pET24-AAV5-VP3; lane 2, E. coli harboring pET24-
AAV5-VP3 and pET21-AAP5. (c) Western blot of the soluble fraction of intracellular proteins with the B1 antibody 
after induction and expression; lane 1, E. coli harboring pET24-AAV5-VP3; lane 2, E. coli harboring pET24-AAV5-VP3 
and pET21-AAP5. (d) Western blot of the purified VLPs with the B1 antibody; lane 1, E. coli harboring pET24-AAV5-
VP3; lane 2, E. coli harboring pET24-AAV5-VP3 and pET21-AAP5. (e) A number of purified VLPs estimated by sandwich 
ELISA using PKD1 protein and the ADK5a antibody with qPCR-titered rAAV5 from HEK-293-production taken as ref-
erence. 
 
 

4.3. Applications of in vitro AAV assembly 

In this chapter, in-vitro AAV VLPs were utilized for vaccine development against SARS-CoV-2, pack-

aging DNA for therapeutic delivery and labeling with a fluorophore for imaging.  

a

e

pET21-AAP5
R

c

1 2

VP3

VP3 VP3/AAP5

Soluble VP3, B1 antibody

1 2

VP3

VP3 VP3/AAP5

Purified AAV5 VLP, B1 antibody

b

1 2
34 kDa

26 kDa

VP3 VP3/AAP5

Soluble AAP5, anti-His tag antibody

d

0

5E+09

1E+10

1.5E+10

2E+10

2.5E+10

3E+10

3.5E+10

VP3 VP3/AAP5

P
a

rt
ic

le
s/

m
l



4 Results and Discussion 

28 
 

4.3.1. AAV2 VP3 capsid proteins fused with SARS-CoV-2 RBD or RBM: Expression 
in E. coli, in-vitro assembly and functional characterization 

This work was presented at the American Society Gene and Cell Therapy 24th Annual Meeting and 

published in Molecular Therapy with the title ‘‘AAV Capsid Proteins Fused with SARS-CoV-2 RBD 

or RBM: Expression in E. coli, In-Vitro Assembly, and Characterization’’.218 

In the current COVID-19 pandemic, the SARS-CoV-2 virus has infected over hundred million people 

and contributed to millions of deaths. Receptor-binding domain (RBD) in the SARS-CoV-2 spike 

protein (S protein), in particular its receptor-binding motif (RBM), is responsible for virus binding 

to the cellular receptor angiotensin-converting enzyme 2 (ACE2) and subsequent viral internaliza-

tion (Figure 14),219 therefore they are promising candidates for SARS-CoV-2 subunit vaccine de-

velopment. VLPs have been widely used for vaccine development due to their ability to induce a 

strong immune response and AAV VLPs produced in mammalian cells have been tested as a scaf-

fold for presenting antigens.199,200 However, mammalian cell culture is expensive and VLPs may 

contaminate cellular components. As described in chapter 4.1, AAV2 VP3 capsid protein produced 

in E. coli can be assembled to AAV2 VLPs in vitro, and the incorporation of a His6-tag into the 587-

loop of VP3 protein was compatible with capsid assembly. Thus, to explore the potential of our 

in-vitro AAV2 VLPs in vaccine development, SARS-CoV-2 RBM and RBD were incorporated into the 

AAV2-VP3 587-loop. The fusion proteins VP3 and RBM (VP3_RBM), VP3 and RBD (VP3_RBD) were 

produced in E. coli and used for VLP assembly in vitro to generate VLP-based vaccine candidates.  

 

 
Figure 14. Structure of SARS-CoV-2 RBD, core subdomain (red) and RBM (blue), in complex with its human ACE2 
(hACE2) receptor (yellow) (PDB: 6LZG).  
 
 

4.3.1.1. AAV2 VP3_RBM and VP3_RBD expression in E. coli and purification 

AAV2 VP3_RBM and AAV2 VP3_RBD sequences containing a His6-tag were cloned into pET24 vec-

tors and introduced into E. coli cells (Figure 15a). These proteins were then expressed at 18°C or 

37°C. As a result, VP3_RBD and VP3_RBM fusion proteins aggregated into inclusion bodies during 

expression, and both proteins were successfully purified by IMAC under denaturing conditions of 

8 M urea. VP3_RBM and VP3_RBD proteins were observed with an apparent mass of about 68.8 
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and 86.4 kDa, respectively (Figure 15b). The E. coli expression of RBM and RBD-fused AAV2 VP3 is 

similar to that of AAV2 VP3 protein only (Figure 3) that formed inclusion bodies even at the low 

expression temperature (18°C). A recent study on expression of SARS-CoV-2 RBD fused with cap-

sid proteins of norovirus in E. coli also resulted in inclusion bodies.220 The reducing environment 

in E. coli cytoplasm could cause the aggregation of RBD protein, which comprises four pairs of 

disulfide bonds in the structure.221 In addition, N-terminus-degraded fragments of VP3_RBM and 

VP3_RBD proteins were also found during expression in E. coli (Figure 15b) that was observed 

during the expression of AAV2 VP3 proteins only (4.1.1). The obtained proteins were used for in 

vitro refolding and concomitant assembly. 

 

 
Figure 15. AAV2 VP3_RBM and AAV2 VP3_RBD expression in E. coli and purification. (a) Schematic representation of 
AAV2 VP3_RBM and AAV2 VP3_RBD protein expression construct downstream of a T7 promoter. RBM and RBD coding 
sequences were incorporated at the a.a. 587 coding position of the AAV2 VP3 gene. (b) Protein expression in E. coli and 
purification under denaturing conditions. Lane 1, AAV2 VP3_RBM after IMAC purification; lane 2. AAV2 VP3_RBD after 
IMAC purification. 
 

4.3.1.2. In vitro refolding and concomitant assembly of AAV2 VP3_RBM and 

VP3_RBD proteins to VLPs, and VLP characterization 

Refolding and concomitant in vitro assembly of AAV2 VP3_RBM VLPs or VP3_RBD VLPs was at-

tained by serially dialyzing initial denatured proteins against different buffers containing 4, 2, 1, 

0.5, and finally 0 M urea. After dialysis, the refolded protein samples were measured by AFM. 

Figure 16 shows that VP3_RBM VLPs and VP3_RBD VLPs were found under AFM with the expected 

size of about 24 nm and 32 nm, respectively. Though irregular formations and smaller structures, 

potentially single or intermediate assemblies, were observed in both samples. The AFM-recorded 

formations are similar to those of AAV2 VP3 587His6 VLP after in vitro assembly (Figure 7), hinting 

that the incorporation of RBM or RBD into the 587-loop did not interfere with in vitro AAV2 VLP 

capsid assembly. The size of in-vitro AAV2 VP3 VLPs was about 22 nm (Figure 4d, e), therefore we 

attribute the slightly larger size of VP3_RBD VLPs (32 nm) to the introduction of a 26-kDa RBD 

protein on the AAV2-VP3 587-loop. The incorporation of a protein into the 587-loop of AAV2 led 

to an increase of particle size was also observed during production in HEK-293 cells by our working 

group.222  
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Next, ELISA with a conformational RBD antibody was performed to assess a correct conformation 

of RBD presented on the VP3_RBD VLPs after assembly. The results presented in Figure 17 con-

firmed the conformation of the refolded RBD that fused to the 587-loop of AAV2 VP3, indicating 

at least partial correct folding of VP3_RBD. This finding is the first evidence that the refolded RBD 

from inclusion bodies in E. coli was readily recognized by the conformational RBD nanobody. 

 

 

Figure 17. ELISA probed with an anti-conformational RBD antibody. 

 

 

Figure 16. AFM images and height profiles of AAV2 VP3_RBM and VP3_RBD VLPs after assembly. (a) and (b) AFM 
image and height profile of VP3_RBM VLPs. (c) and (d) AFM image and height profile of VP3_RBD VLPs. Scale bars 
are 100 nm. 
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4.3.1.3. Expression of GFP fused with RBD protein in 293-F cells 

SARS-CoV-2 enters human cells via the interaction between SARS-CoV-2 RBD and the hACE2 re-

ceptor, therefore, to block the SARS-CoV-2 entry, induced antibodies from vaccine recipients are 

required to specifically bind to conformational RBD proteins. Therefore, as a control for SARS-

CoV-2 specificity, we sought to produce the conformational RBD in 293-F cells. To do this, we used 

a pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid (No. 141184, Addgene) that contains a GFP-fused 

RBD (RBD_GFP) sequence downstream of a signal peptide sequence from influenza hemagglutinin 

(HA) and a CMV promoter for protein expression. A His6-tag was then cloned at 3’ of the RBD_GFP 

sequence to aid protein purification. The incorporation of a fluorescent protein into RBD proteins 

allows us to assess the RBD functionality. Superfolder GFP (sfGFP) was preferred due to its folding 

ability when fused to other proteins.223 The RBD_GFP fusion protein was then expressed in 293-F 

cells and the secreted protein was subsequently purified by an IMAC column. The results pre-

sented in Figure 18a, b demonstrate that the RBD_GFP protein was successfully purified from 

293-F cultures with an apparent band of about 50 kDa (lane 3, Figure 18b), and the GFP protein 

folded properly as observed under UV light (Figure 18a). 

Next, we aimed to generate HEK-293 cells expressing the SARS-CoV-2 receptor hACE2 and assess 

the binding ability of the produced RBD to the expressed hACE2 receptor to prove RBD function-

ality. The expression of the membrane protein hACE2 receptor on the HEK-293 cell surfaces was 

described before by Moore et al.224 In this work, HEK-293 cells were transfected with a pcDNA3.1-

hACE2 plasmid (No. 1786, Addgene), which consists of an hACE2 DNA sequence downstream of a 

CMV promoter, and subsequently incubated for 48 h prior to analysis. Afterwards, the purified 

RBD_GFP proteins at different concentrations (50 nM, 100 nM, 200 nM) were applied onto HEK-

293 cells expressing the hACE2 receptor (Figure 18c). As a negative control, the RBD_GFP proteins 

were also incubated with untransfected HEK cells. After washing to remove non-specific binding, 

the binding ability of RBD to hACE2 was evaluated via GFP-positive cells by FACS. Figure 18d indi-

cates that the RBD protein produced in 293-F cells specifically bound to hACE2 receptor-expressed 

cells but not untransfected cells, and thereby proven its functionality. These data also suggest that 

the untransfected HEK cells did not present detectable hACE2 receptors, about 80% of the trans-

fected HEK-293 cell population displayed hACE2 on their surfaces, and 50 nM RBD_GFP was suf-

ficient to entirely bind to the receptors. The direct binding of RBD_GFP protein to the hACE2 re-

ceptor expressed on the HEK-293 cell surfaces also offers a feasible model to assess neutralizing 

antibodies induced by vaccine candidates. 
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Figure 18. RBD_GFP protein expression in 293-F cells and purification. (a) Samples before and after IMAC purification 
under UV light. (b) SDS-PAGE gel of RBD_GFP purification. Lane 1, protein ladder; lane 2, medium sample before 
IMAC purification; lane 3, samples after IMAC purification. (c) Schematic representation of RBD_GFP binding to the 
hACE2 receptors. (d) Binding assay of RBD_GFP to HEK-293 displaying hACE2 receptors. RBD_GFP (50 nM, 100 nM, 
200 nM) was applied to hACE2 plasmid-transfected HEK-293 cells. 50 nM RBD_GFP was also applied to untransfected 
cells as a negative control. The percentage of GFP-positive cells was calculated using FACS. 
 

 

4.3.1.4. Immunization of mice and immune response 

Mouse experiments were conducted by Dr. Olaf Behrsing, Molecular Biotechnology, Institute for 

Biochemistry and Biology, University of Potsdam, Germany with proteins provided by me. 

VP3_RBM and VP3_RBD VLPs mixed with/without complete Freund’s adjuvants (CFA) were used 

to immunize. Mice were vaccinated with VP3_RBM VLP antigens and CFA for the first immuniza-

tion, then with antigens only (without CFA) for the boosters. For VP3_RBD VLP immunization, one 

mouse was injected with antigens only for the first immunization, while another mouse was im-

munized with VP3_RBD VLP antigens mixed with CFA. After that VP3_RBD VLP antigens only were 

used for the boosters. Serum was collected at various timepoints (Figure 19). The immune re-

sponse was examined by ELISA with coated antigens (VP3_RBM and VP3_RBD VLPs), VP3 VLP scaf-

folds, GFP proteins as well as RBD_GFP produced in 293-F cells (4.3.1.3) as a control for SARS-CoV-

2 specificity.  
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Figure 19. Mouse immunization schedule. 

 

 

The results of mouse immunization with AAV2 VP3_RBM VLP and VP3_RBD VLP presented in 

Figure 20 and Figure 21 (yellow bars) showed that both VP3_RBM VLPs and VP3_RBD VLPs 

elicited immune responses against the injected antigens. Notably, a mouse injected with 

VP3_RBD VLPs without the adjuvants (mouse 1, Figure 21) also showed a strong immune 

response. This finding is in agreement with the immunization of VLPs that are known to be high 

immunogenic.225,226 Complete Freund’s adjuvants (CFA), which consists of killed Mycobacterium 

tuberculosis and is known to enhance an immune response in mice,227 were mixed and vac-

cinated with the particles for the first immunizations that could also contribute to the observed 

strong immune responses. 

 

Importantly, the vaccination of AAV2 VP3_RBM VLP resulted in a relatively high level of 

RBD_GFP-specific antibodies, especially in the sera from the second blood collection (blue bars, 

Figure 20), besides, the generated antibodies did not bind to the GFP control (green bars, Figure 

20). This indicates the SARS-CoV-2-RBD specificity of the induced antibodies. The RBD-specific 

antibodies have shown a strong correlation to viral neutralization,228–230 hinting great potential 

of VP3_RBM VLP vaccine candidates for preventing SARS-CoV-2 infection. Also, Figure 20 sug-

gests that the amount of RBD-specific antibodies in the second serum collection (b, d) were 

much higher than those presented in the first collection (a, c). Thus, the longer intervals and 

additional boosters of the particles benefit the RBD-specific antibody generation. 
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Figure 20. Mouse vaccination with AAV2 VP3_RBM VLPs. Antigen-specific IgG antibodies in sera from the immunized 
mice were measured by ELISA. Sera (1:200, 1:1000, 1:5000 dilution) were applied on a plate captured with AAV2 
VP3_RBM VLPs (yellow), RBD_GFP (blue), GFP only (green).  

 

Unexpectedly, even though AAV2 VP3_RBD VLPs induced a strong immune response against the 

vaccinated antigen AAV2 VP3_RBD VLPs, the induced antibodies mainly targeted the AAV2 VP3 

VLP scaffolds (red bars), but not SARS-CoV-2 RBD proteins (blue bars) (Figure 21). This suggests a 

small amount of AAV2 VP3_RBD VLPs comprising a correct RBD conformation presented in the 

injected samples that may not be enough for the RBD-specific antibody generation. The protein 

expression in E. coli resulted in the absence of glycosylation of RBD that was present at two sites 

N331 and N343 when expressed in human cells.231 This modification may disturb the RBD confor-

mation.232 Also, the larger size of RBD (26 kDa), compared to its motif (RBM) (8.3 kDa), could hin-

der the correct RBD-structure formation during in vitro capsid assembly of VP3_RBD VLPs. To in-

crease RBD refolding efficiency, RBD with different flexible linkers could be incorporated into the 

587-loop of VP3 protein in the future. Moreover, the AFM results of VLP assembly (Figure 16) 

indicate the presence of other contaminated structures in the injected antigens, therefore in-vitro 

assembly optimization and further purifications of VLPs will improve the antigen-directed immune 

responses.  
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Figure 21. Mouse vaccination with AAV2 VP3_RBD VLPs. Mouse 1 was vaccinated with VP3_RBD antigens only. 
Mouse 2 was vaccinated with VP3_RBD antigens mixed with CFA for the first immunization, VP3_RBD antigens only 
for the boosters. Antigen-specific IgG antibodies in sera from the immunized mice were measured by ELISA. Sera 
(1:200, 1:1000, 1:5000 dilution) were applied on a plate captured with AAV2 VP3_RBD VLPs (yellow), RBD_GFP (blue) 
and VLP scaffolds (red). 

 

Currently, SARS-CoV-2 spike protein (S protein) and RBD have been tested as favorable candidates 

for many SARS-CoV-2 protein subunit vaccine candidates.233 However, RBM, the small motif of 

RBD, which interacts directly with the cell receptor hACE2,221 is less attractive for vaccination due 

to its low immunogenicity. VLPs have a size of 20-200 nm and repeated structures known to be 

high immunogenic, therefore, they have been used for presenting peptides of interest on the VLP 

surfaces to enhance peptide-directed immune responses.234 Herein, for the first time, in-vitro AAV 

VLPs were used to display antigens on their surfaces. As a result, AAV2 VP3_RBM VLP elicited the 

strong SARS-CoV-2-specific antibody response. Since we immunized mice with VLPs presenting 

RBM, the generated antibodies that bound to conformational RBD in the serum ELISA are RBM-

directed. As reported before, most SARS-CoV-2 neutralizing antibodies bind directly to RBM and 

thereby block virus-receptor interaction,235 suggesting the neutralizing potential of the antibodies 

induced by VP3_RBM VLPs. In addition, the prevalence of anti-AAV2 antibodies has been reported 

between 30% and more than 60% of the human population.236 Interestingly, a previous study on 

the immunogenicity of AAV2 VLPs presenting L2 epitopes (HPV) demonstrated that pre-existing 
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anti-AAV2 antibodies rather boost than prevent the antigen-directed immune response.200 Even 

though more studies are still needed, our data suggest that AAV2 VP3_RBM VLP is a promising 

vaccine candidate for SARS-CoV-2 and our in-vitro AAV VLPs bear potential as vaccine scaffolds.  

 

4.3.2. In vitro encapsidation of DNA into AAV VLPs 

4.3.2.1. Arginine-rich motif (ARM) fused with AAV5 VP3 capsid protein expres-

sion, purification and in vitro assembly 

AAV packaging was proposed as an active process, in which AAV capsid forms followed by an AAV 

genome encapsidation.7 As yet the viral packaging model and components remain unclear, we 

attempted to incorporate an arginine-rich motif (ARM) into AAV capsid protein for packaging of 

DNA into AAV capsids. ARM has been proven to aid virus packaging passively by interacting with 

negatively charged DNA genomes.237 ARM also contains a nuclear localization signal (NLS) se-

quence,90 which is needed for the delivery of a gene to the cell nucleus for expression. As de-

scribed in 4.2.1, we demonstrated that AAV5 VP3 capsid protein was able to form in-vivo AAV5 

VLPs during protein expression in E. coli, however, the majority of soluble VP3 protein was still 

unassembled and the protein could be obtained for in vitro assembly. We therefore incorporated 

the ARM into the N-terminus of AAV5 VP3 (VP3_ARM) and then cloned the VP3_ARM sequence 

into a pET24 expression vector (Figure 22a). A His6-tag was also added to VP3_ARM to aid protein 

purification. The fusion protein VP3_ARM was expressed in E. coli at 18°C overnight and purified 

by an IMAC column. Purification buffers with the high-salt concentration (1 M NaCl) were used to 

get rid of possible contaminating nucleic acids bound to the ARM as has been reported before.90 

The results in Figure 22b indicate that the protein was expressed in soluble form with an evident 

band of about 65 kDa and successfully purified by IMAC. This is similar with the expression result 

of AAV5 VP3 only in E. coli (4.2.1), implying that the introduction of the ARM did not interfere 

with protein expression in E. coli. VP3_ARM fusion protein in high salt concentration was subse-

quently dialyzed into an assembly buffer (6.2.5.8) to assemble capsids. As a result, ARM_VP3 VLPs 

were found by AFM measurement (Figure 22c, d). The VP3_ARM VLPs were similar in diameter 

(about 28 nm) and height to AAV5 VP3 particles assembled inside E. coli (4.2.2), even though small 

assemblies were also observed. The insertion of ARM at VP3 N-terminus therefore did not hinder 

the AAV5 VLP formation. 
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Figure 22. ARM_VP3 production and in vitro assembly. (a) Schematic representation of ARM_VP3 expression con-
struct. ARM sequence was cloned 5’ of the AAV5-VP3 sequence. (b) ARM_VP3 production in E. coli. Lane 1, protein 
ladder; lane 2, ARM_VP3 protein was purified by IMAC column. (c) AFM image of ARM_VP3 VLPs. Scale bar is 100 
nm. (d) Height profile of ARM_VP3 VLPs by AFM measurement. The black vertical line divides two different crops of 
the same gel. 
 

 

4.3.2.2. ssDNA production 

AAV has a single-stranded DNA genome of about 4.7 kb, therefore we sought to produce ssDNA 

with a similar size for an in-vitro encapsidation into AAV VLPs. An ITR-mKate plasmid containing 

the mKate-protein expression cassette flanked by ITR sequences (Figure 23a) was transformed 

into E. coli ER2738, after that the helper phage M13KO7 was added to the transformed E. coli 

culture for ssDNA production. Figure 23b demonstrates that we successfully produced ssDNA us-

ing a phagemid and the helper phage. CHO-K1 cells were transfected with the produced circular 

ssDNA to assess protein expression. Fluorescence microscopy was used for mKate detection. Fig-

ure 23c, d reveals that mKate protein was highly expressed in CHO-K1 cells. Once circular ssDNA 

enters the cells, ITR sequences may play a role in DNA transcription for gene expression. The ex-

pression of a protein from circular ssDNA containing ITR sequences was also observed before with 

the hybrid vector AAV/phage,238 even though the mechanism of ITR sequences involved remains 

unclear. The produced ssDNA can be used for in vitro encapsidation or as a DNA template for AAV 

genome production if a digestion reaction to remove the plasmid backbone becomes possible.  
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Figure 23. ssDNA production. (a) Plasmid map of pZMB0347 (pUC19bb_ITR_EXS_pCMV_mKate2_hGH). The mKate-gene 
expression cassette is flanked with AAV2_ITR sequences. The plasmid contains pUC and f1 origin for its replication in E. 
coli and packaging in phages. (b) cssDNA produced in phage on an agarose gel. Lane 1, DNA ladder; Lane 2, ssDNA. (c, 
d) ssDNA transfection results in CHO-K1 cells under bright light (c) and fluorescent channel for the detection of mKate 
expression (d). Scale bars are 100 µm.  
 

4.3.2.3. DNA encapsidation into ARM_VP3 VLPs 

To perform the encapsidation, ssDNA was mixed with ARM_VP3 protein with a molar ratio of 

about 1 DNA per capsid (60 proteins). The encapsidation result was first examined by qPCR to 

detect possible DNA protected by the VLPs from DNase I digestion. As a control, the mixture of 

VP3_ARM and ssDNA was preheated at 95°C, 5 min. Prior to qPCR, samples were digested with 

DNase I to remove unprotected DNA. The result in Figure 24a shows that ssDNA was protected 

by VLPs during digestion compared to the control. 

The arginine-rich motif (ARM) showed the ability to aid in vitro capsid formation of the beak and 

feather disease virus (BFDV) by interaction with its ssDNA genome.90 Thus, to examine the effect 

of our produced ssDNA on AAV capsid assembly in vitro, we performed capsid ELISA with an anti-

AAV5, intact-capsid antibody, which recognizes assembled capsids only. The ELISA results indicate 

that the addition of ssDNA into the assembly reaction did not improve capsid assembly yield com-

pared to the assembly of VP3_ARM only, though VLPs were detected (Figure 24b). 

Since CHO-K1 cells shown sufficient in-vitro transduction efficacy with rAAV5,239 we used this cell 

line to evaluate the transduction ability of our possible DNA-encapsidated VLPs via expression of 

the fluorescent protein. rAAV5 produced in HEK-293 cells was also used as a positive control. In 

Figure 24c, rAAV5 showed the ability to transduce the cells at the MOI of 105 particles as indicated 

by the expression of the AAV transgene (mVenus). Contrary, there was no fluorescent signal de-

tected in the VLP sample, suggesting that VLPs did not transduce the cells. Meanwhile, 1.3 kb-

dsDNA (short CMV promoter_mVenus_polyA derived from pZMB0522 vector by PCR) and 2.2 kb-
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dsDNA (CMV promoter_mKate_polyA derived from pZMB0347 by digestion with PvuII) were also 

used for packaging into ARM_VP3 capsids. The encapsidation results were similar to those of 

ssDNA, ARM_VP3 was able to protect DNA from attack by DNase but not mediate protein expres-

sion in CHO-K1 cells. Conformational differences between the circular ssDNA, dsDNA used and 

the linear ssDNA AAV genome could hinder DNA packaging into VLPs. We cannot rule out that the 

in-vitro assembly and passive packaging efficacy was too low as shown by the small number of 

capsids formed (ELISA results, Figure 24b), even though AFM confirmed the presence of VLPs after 

DNA packaging reactions. AAP improved capsid assembly in vitro,59 hence AAP can be added into 

packaging reactions in the future. Other tasks will be the generation of linear ssDNA AAV genome, 

optimization of packaging reactions with different buffer conditions. Other DNA-binding domains 

could also be incorporated into VP3 capsid proteins to support in vitro packaging.  

 

 

Figure 24. ssDNA encapsidation results. (a) qPCR determined DNA protected by ARM_VP3 protein. (b) ELISA probed 
with ADK5a antibody (anti-intact AAV5 capsids). (c) rAAV5 transduction results with an MOI of 105AAV particles 
under bright field and fluorescence. (d) Results of DNA-encapsidated VLP transduction under bright field and fluores-
cence. Scale bars are 100 µm. 
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4.3.3. In vitro AAV VLP chemical conjugation for imaging 

4.3.3.1. AAV2 VP3 VLP and FITC conjugation 

For AAV2 VLP imaging, FITC was chosen to conjugate to the VLPs via primary amines. FITC reacts 

with primary lysine amino acids on the AAV2 VLP surface to form a covalent bond.240 After FITC 

conjugation, labeled VLPs were analyzed by dynamic light scattering (DLS) and native agarose 

electrophoresis. The DLS measurement shown in Figure 25a indicates that after labeling the AAV 

particles remained with an expected hydrodynamic diameter of 33.98 nm, which is similar to the 

size of AAV2 VLPs before conjugation (Figure 8b). The particles were then separated in an agarose 

gel, examined under the blue light table (λ=470 nm) for FITC detection and stained by Coomassie 

to confirm the FITC-conjugation. As a result, FITC-labeled VLPs were visualized under the blue light 

with a defined band (Figure 25b), which is in line with the Coomassie staining result. Thus, FITC 

was successfully conjugated to AAV2 VLPs via covalent amide bonds. As primary lysine amino acids 

also present on the surface of AAV vectors, this conjugation method can be used to label different 

AAV vectors for various applications. 

 

Figure 25. AAV2 VLP-FITC conjugation. (a) Dynamic light scattering (DLS) of VLPs after FITC conjugation. (b) Native 
AAV2 VLP agarose electrophoresis visualized under blue light and stained with Coomassie. 

 

4.3.3.2. Internalization of FITC-conjugated VLPs 

Next, the intracellular trafficking of FITC-labeled AAV VLPs was studied using HeLa cells by a con-

focal microscope. The labeled VLPs and buffer samples were incubated with HeLa cells for 2 h 

before visualizing under microscopy. The cell nucleus was stained with Hoechst 33342 (blue), and 

FITC-labeled VLPs were directly detected (green). The results shown in Figure 26 indicate that our 

labeled VLPs were able to internalize into HeLa cells after 2-h incubation (Figure 26b, c) compared 

to the buffer control (Figure 26a), which is consistent with the cellular uptake of in-vitro AAV2 

VLPs detected by A20 antibody as described above (4.1.3) and that of FITC-labeled AAV2 reported 

by Mevel et al.240 This finding reveals that the incorporation of FITC to AAV2 VLPs was compatible 
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with AAV2 VLP internalization and opens chances for tracking AAV VLPs and rAAV vectors in vitro 

and in vivo. Moreover, potential drugs can be conjugated to AAV VLPs via surface lysine residues 

for therapeutic delivery.  

  

Figure 26. Internalization of FITC-labeled AAV2 VLPs. HeLa cells were treated with (a) buffer, (b) FITC-labeled AAV2 
VLPs (20×), (c) FITC-labeled AAV2 VLPs (63×). FITC (green) and DAPI (blue), scale bars are 25 µm. 
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5. Conclusion and Outlook 

The demand for rAAV in gene therapy clinical trials has significantly increased and approaches the 

limits of the current production systems using HEK-293 and insect cells. This thesis sought to es-

tablish an AAV assembly protocol via a defined reaction or inside E. coli that may offer a new 

strategy to produce rAAV if an in-vitro AAV genome encapsidation becomes possible. The poten-

tial applications of AAV VLPs for vaccine development and therapeutic delivery have also been 

explored. 

The assembly protocol of AAV2, the most extensively studied AAV serotype, was successfully es-

tablished in a chemically defined reaction. In vitro capsid assembly of AAV2 resulted in AAV2 VLPs 

as well as other small intermediate structures and larger aggregates, leading to a low yield of 

capsid formation. Thus, assembly protocol and buffer conditions need to be optimized in the fu-

ture. In contrast, the assembly of the most divergent AAV serotype AAV5 was concomitant with 

capsid protein expression inside E. coli. The E. coli assembled AAV5 VLPs were directly obtained 

from E. coli with a better yield compared to in vitro AAV2 assembly. Different expression condi-

tions would improve an AAV5 capsid formation yield in E. coli.  

AAV particles were used to present the RBM or RBD to induce a strong immune response against 

SARS-CoV-2. RBM and RBD-fused VP3 capsid proteins were able to express in E. coli. The in-vitro 

assembly of fusion proteins resulted in particles among other structures. The mouse immuniza-

tion of AAV2 VP3_RBM VLPs resulted in a high level of RBD-specific antibodies, suggesting that 

the particle is a promising vaccine candidate for SARS-CoV-2. A serum virus neutralization assay, 

T cell responses and testing on larger animals will be needed in the future. Contrary, the AAV2 

VP3_RBD VLPs induced a low level of SARS-CoV-2 specific antibodies but a high level of VP3 VLP 

scaffold-directed antibodies, indicating the incorrect conformation of RBD presented on the VLPs 

after refolding. Future work on optimization of VP3_RBD VLP assembly will be needed.  

In addition, circular ssDNA was produced using the phagemid/helper phage system for an AAV in-

vitro packaging reaction. Arginine-rich motif (ARM) for helping DNA passive packaging was fused 

to AAV5 VP3 protein, and the fusion protein was successfully obtained from E. coli. After the in-

vitro packaging reaction, the assembled ARM_VP3 VLPs showed the ability to protect ssDNA but 

not mediate protein expression in CHO-K1 cells. The future work will be the generation of AAV 

linear ssDNA genomes, incorporation of other DNA-binding domains into capsid proteins, and op-

timization of in vitro passive packaging reactions. An active packaging of AAV in vitro will also be 

tested.  
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Furthermore, AAV VLPs were labeled with FITC via amide bonds. The success of FITC-AAV VLP 

chemical conjugation opens opportunities to track the labeled AAV VLPs in further experiments, 

label rAAV vectors and chemically couple other drugs with a similar strategy. 
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6. Materials and Methods 

6.1. Materials 

6.1.1. Equipment 

Table 1. Equipment used in this work. 

Device Specification Manufacturer 

Agarose electrophoresis cham-

ber 

PerfectBlue Gelsystem Mini 

(S, M, L) 

Peqlab 

Analytical camera system Fusion Fx7 Vilber 

Atomic force microscope Multimode 8 AFM with 

Tap300AI-G cantilevers 

Brucker 

Autoclave GE6612 Getinge 

Autoclave FVS 2 Integra Bioscience 

Automated cell counter LUNA Logos Biosystems 

Bio-Dot® Apparatus 96-well Bio-Rad 

Blue light table (470 nm) Serva blue light table Serva Electrophoresis Gmbh 

Camera EOS 600D (EFS 18-55 mm) Canon 

Cell Sorter S3eTM Bio-Rad 

Centrifuge Megafuge 1.0  Heraeus Instruments 

Centrifuge  Pico17 Thermo Scientific 

Clean bench LaminAir Model 1.2 Holten 

Clean bench LaminAir HB 2448 Heraeus Instruments 

CO2 Incubator CB E6 Binder Gmbh 

Cryo-TEM JEM-2200FS JEOL 

DynaPro 99   Wyatt/ Protein Solutions 

Electroporator MicroPulserTM Bio-Rad 

Fluorescence Microscope DMI 6000 B, 

Filters: 405 (EX: 375-435, DC: 

455, EM: 445-495), YFP (EX: 

490-510, DC: 515, EM: 520-

550), TX2 (EX: 540-580, DC: 

595, EM: 607-683) 

Leica Microsystems 

Freezer (-150°C) MDF-2156VAN Panasonic 

Freezer (-80°C) KM-DU 73Y1 Panasonic 

Freezer (-20°C)  Bosch 
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French press  SLM AMINCO SLM Instruments 

French Pressure Cell FA-032 Thermo Fisher Scientific 

Fridge (4°C)  Bosch 

Ice machine UBE 50-35 Ziegra Eismaschinen 

Incubator B 6120  Heraeus Instruments 

Light microscope  Axiovert 25 Zeiss 

Magnetic stirrer RCT Ikamag 

Microplate reader PowerWare HT BioTek 

Microwave HF 22043 Siemens 

Milli-Q water system  Millipore 

Mixing Block MB102 Bioer 

Orbital shaker ES-X Kühner 

pH electrode InLab Expert Pt1000 Mettler Toledo 

pH meter SevenCompact S220 Mettler Toledo 

Pipetboy  Comfort Integra 

Pipette  Research® plus  Eppendorf 

Power supply EV231 Consort 

Precision scale CP 224 S Sartorius 

Precision scale XA205 DualRange Mettler Toledo 

Real-time PCR system Lightcycler 480 II Roche 

Refrigerated centrifuge  Multifuge X1R Thermo Scientific 

Refrigerated centrifuge RC5C (SS-34 and GS-3 rotors) Sorvall Instruments 

Refrigerated centrifuge Centrifuge 5424R  Eppendorf 

Rocking shaker  Dou Max 1030 Star Lab 

Scale BP 2100 S Sartorius 

SDS PAGE chamber SE260 Hoefer 

SDS PAGE gel caster Multiple gel caster Hoefer 

Semi-dry blotting apparatus Semi-Dry-Blotter VWR 

Shaking platform SI-600 R Lab. Companion 

Shaking platform Sky Line ELMI 

Spectrophotometer NanoDrop 2000c UV/Vis Thermo Scientific 

Tecan plate reader Infinite® M Plex Tecan Trading AG 

Thermocycler Peqstar 96x Universal gradi-

ent 

Peqlab 

UV-Transilluminator ECX-F20.M Vilber Lourmat 
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Vacuum Manifold QIAvac 24 Plus Qiagen 

Vortex Vortex Genie 2 Scientific Instruments 

Water bath  GFL 

White light table LED LP-400N Universal Electronics Indus-

tries 

ÄktaTM start  Protein purification system GE Healthcare Life Science 

6.1.2. Consumables 

Table 2. Consumables used in this work. 

Name Specification Manufacturer 

Adhesive film for real-time PCR 

Plates 

Ultra clear (A26979) GeneOn 

Amicon Ultra-4 centrifugal filters 10 kDa, 30 kDa, 100 kDa NMWL Merck 

Bijou sample containers 7 ml, sterile, PS Sci Labware Limited 

Blotting paper 2 mm Bio-Rad 

Cell culture dishes 100-mm diameter Sarstedt 

Cell scraper 25 cm Sarstedt 

Cryogenic plastic vessel 1.8 ml Star Lab 

Carbon-coated copper grid 200 mesh Science Services 

Cover glass  Thermo Scientific 

Cuvette 10 mm, plastic Sarstedt 

Electroporation cuvette 10 mm Bio-Rad 

Lightcycler Plate 96-well, white Sarstedt 

LUNA Cell Counting Slide Two-chamber slide Logos Biosystems 

MaxiSorp plate 96-well, flat-bottom Nunc 

Mica for AFM 50×76 mm, 0.2 mm thick PLANO 

Microscopy slide  Marienfeld 

Multi-well plates 6-, 12-, 24-, 96-well Sarstedt 

Nitrocellulose membrane 0.45 µm Thermo Scientific 

Petri dishes 90×16 mm Sarstedt 

Pipette tips 0.01 ml, 0.1 ml, 1 ml, 5 ml Star lab 

Pipette tips (cell culture) TipOne Filter Tips Star lab 

Reaction tube 15 ml, PP Sarstedt 

Reaction tube 50 ml, PP Sarstedt 

Reaction tube 50 ml, 25K×g VWR 
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Reaction vessels 0.5 ml, 1.5 ml, 2 ml Sarstedt 

Reaction vessel (PCR) 0.2 ml Star Lab 

Scalpel blades S123 Hartenstein 

Shaker flask 250 ml Sarstedt 

Spectra/Por membrane MWCO 6-8000 Da Spectrum Medical In-

dustries 

Syringe 1 ml, 5 ml, 10 ml, 50 ml B. Braun 

T-flask 25 cm2, 75 cm2, 150 cm2 Sarstedt 

6.1.3. Software and web servers  

Table 3. Software and web servers used in this work. 

Software Developer 

Dynamics, Ver. 5.25.44 Protein Solutions 

FlowJoTM, Ver. 10.6.1 Becton Dickinson 

FUSION-FX Vilber 

GeneArt online tool Thermo Fisher Scientific 

Geneious, Ver. 9.1.8 Biomatters Ltd. 

Gwyddion, Ver. 2.49 David Nečas et al. 

i-control™, Ver. 2.0 Tecan 

ImageJ, Ver. 1.52a Wayne Rasband, National Institutes of Health, 

USA 

KC4, Ver. 3.3 BioTek 

Leica Application Suit X, Ver. 3.3.0.16799 Leica Microsystems 

LightCycle 480II, Ver. 1.5.0 Roche 

Mendeley Desktop, Ver. 1.19.4 Mendeley Ltd. 

Microsoft office 2016 Microsoft 

NanoDrop 2000/200c, Ver. 1.5 Thermo Fisher Scientific 

NEBio Calculator, Ver. 1.12.0 NEB 

Soft Imaging Viewer Olympus 

UCSF Chimera, Ver. 1.12 University of California San Francisco, USA 

UNICORNTM start, Ver. 1.0 GE Healthcare Life Science 

6.1.4. Chemicals 

Table 4. Chemicals used in this work. 

Chemicals Supplier 

ABTS A1008,0001, AppliChem 
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Acetic acid 20104.334, VWR 

Accutase 6964-100ML, Sigma-Aldrich 

Acrylamid-Bisacrylamid 30% solution (29:1) A3574, Sigma-Aldrich 

Agar-Agar 6494.2, Carl Roth 

Agarose M3044.0500, Genaxxon Bioscience 

Ammonium sulfate 3746.1, Carl Roth 

Ampicillin sodium salt K029.4, Carl Roth 

APS A1142,0250, AppliChem 

BH2NaO4 A10189, Alfa Aesar 

Boric acid 0588, AMRESCO 

Brilliant Blue R-250 27816-25G, Sigma-Aldrich 

Bromophenol blue A512.1, Carl Roth 

BSA A2153-10G, Sigma-Aldrich 

CaCl2 C/1400/53, Fisher Scientific 

CFA (complete Freund’s adjuvant) 0638-59, Difco laboratories 

Citric acid 244.1000, Merck 

Chloramphenicol 3886.3, Carl Roth 

Dabco 0738, Carl Roth 

DTT A1101,0005, AppliChem 

EDTA 8043.2, Carl Roth 

Ethanol 20821.296, VWR 

Fluorescein isothiocyanate, Isomer I (FITC)  F7250, Sigma-Aldrich 

FCS P4333, Sigma-Aldrich 

Formaldehyde 37% (v/v) 410731000, Thermo Fisher 

Glucose X997.2, Carl Roth 

Glutamine  G7513-100ML, Sigma-Aldrich 

Glycerol 158920010, Fisher Scientific 

Glycine 3908.2, Carl Roth 

GuHCl 0037.1, Carl Roth 

HBSS  H6648-500ML, Sigma-Aldrich 

HCl H/1200/PB15, Fisher Scientific 

HEPES 9105.4, Carl Roth 

Hoechst 33342 62249, Thermo Scientific 

Imidazole I5513-100G, Sigma-Aldrich 
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IPTG 2316.4, Carl Roth 

Kanamycin sulfate 60615-5G, Sigma-Aldrich 

KCl 26764.298, VWR 

KH2PO4 60220, Fluka 

L-Arginine A3675,0500, Applichem 

Lipofectamine 2000 11668-027, Invitrogen 

Mowiol 4-88 0713.1, Carl Roth 

MgCl2.6H2O 141396.1211, Applichem 

NaCl 27810.295, VWR 

NaH2PO4 2370.1, Carl Roth 

Na2CO3 A135.2, Carl Roth 

NaHCO3 27778.293, VWR 

NaOH S/4920/60, Fisher Scientific 

NCS (newborn calf serum) NCS-1A, Capricorn 

Non-fat milk powder A0830,0500, AppliChem 

PEI Max (Polyethylenimine ‘‘Max’’, MW 

40000) 

24765, Polysciences 

Penicillin-Streptomycin P4333, Sigma-Aldrich 

OptiMEM 11058021, Gibco, Thermo Fisher Scientific 

Poly-D-Lysine hydrobromide P6407-5MG, Sigma-Aldrich 

POROSTM CaptureSelect AAVX Affinity Resin A36739, Thermo Fisher Scientific 

Protino Ni-NTA Agarose 745400.25, Macherey-Nagel 

ROTIGelStain 3865.1, Carl Roth 

SDS 4360.2, Carl Roth 

Silver nitrate 209139, Sigma-Aldrich 

Sodium thiosulfate pentahydrate 1615107, Sigma-Aldrich 

SYPR Gold nucleic acid gel stain  S11494, Thermo Fisher Scientific 

TEMED CK37762132 735, Merck 

Tetracycline 87128-25G, Sigma-Aldrich 

Tris T1503-1KG, Sigma-Aldrich 

Tris-HCl 9090.3, Carl Roth 

Triton X-100 T8787-50ML, Sigma-Aldrich 

Tween 20 9127.2, Carl Roth 

Trypan blue  T8154, Sigma-Aldrich 

Trypsin/EDTA T4049-100ML, Sigma-Aldrich 
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Tryptone/ Peptone 8952.2, Carl Roth 

Uranyl acetate E22405, Science Services 

Urea 3941.1, Carl Roth 

Yeast extract 2363.1, Carl Roth 

6.1.5. Buffers and solutions 

Table 5. Buffers and solutions used in this work. 

Name Composition 

AAV lysis buffer 50 mM Tris 

150 mM NaCl 

2 mM MgCl2 

pH 7.5 – 8.0 

ABTS solution 3.25 mM BH2NaO4 

40 mM Citric acid 

60 mM Na2HPO4 

pH 4.5 

1g/L ABTS 

Agarose gel with ROTIGelStain 1% (w/v) Agarose 

0.005% (w/v) ROTIGelStain 

in TAE buffer 

Ampicillin stock solution (1000×) 100 mg/ml Ampicillin sodium salt in MilliQ wa-

ter 

APS solution 1.5% (w/v) APS 

Blocking buffer (ELISA) 0.8% (w/v) BSA in PBS 

CaCl2 solution 100 mM CaCl2, 300 mM CaCl2 

CaCl2 solution with glycerol 85 mM CaCl2 

15% (v/v) Glycerol 

Chloramphenicol stock solution (1000×) 20 mg/ml Chloramphenicol in Ethanol 

Coomassie staining solution 0.1% (w/v) Brilliant Blue R-250 

40% (v/v) Ethanol 

10% (v/v) Acetic acid 

Destaining solution  10% (v/v) Acetic acid 

E. coli lysis buffer 50 mM NaH2PO4 

300 mM NaCl 

pH 8 

Elution buffer (POROS AAVX column) 100 mM Citric acid 
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pH 2.0 

HBS buffer (2×) 50 mM HEPES 

1.5 mM NaH2PO4 

280 mM NaCl 

pH 7.05 

IEX buffer A 20 mM Tris-HCl 

8 M Urea 

pH 8.0 

IEX Buffer B 20 mM Tris-HCl 

1 M NaCl  

8 M Urea 

pH 8.0 

IMAC elution buffer 50 mM NaH2PO4 

300 mM NaCl 

250 mM Imidazole 

pH 8.0 

(6 M GuHCl or 8 M Urea) 

IMAC equilibration buffer 50 mM NaH2PO4 

300 mM NaCl 

10 mM Imidazole 

pH 8.0 

(6 M GuHCl or 8 M Urea) 

IMAC washing buffer 50 mM NaH2PO4 

300 mM NaCl 

27 mM Imidazole 

pH 8.0 

(6 M GuHCl or 8 M Urea) 

IPTG stock solution 1 M IPTG in MilliQ water 

Kanamycin stock solution (1000×) 50 mg/ml Kanamycin in MilliQ water 

Neutralization buffer (POROS AAVX column) 1 M Tris-HCl  

(pH 8.7) 

PBS buffer 137 mM NaCl 

2.6 mM KCl 

10 mM Na2HPO4 

1.8 mM KH2PO4 
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pH 7.2 

PBST buffer 0.05% (v/v) Tween 20 in PBS buffer  

Laemmli sample buffer (5×) 0.05% (w/v) Bromophenol blue 

20% (v/v) Glycerol 

10% (w/v) SDS 

0.2 M Tris-HCl 

25 mM DTT 

pH 6.8 

SDS running buffer 25 mM Tris-HCl 

192 mM Glycine 

0.1% (w/v) SDS 

pH 8.3 

Semi-dry transfer buffer 25 mM Tris-HCl 

192 mM Glycine 

20% (v/v) Ethanol 

pH 8.2 

Separating gel buffer 1.5 M Tris 

pH 8.8 

Carbonate-Bicarbonate buffer 0.091 M NaHCO3 

0.009 M Na2CO3 

pH 9.0 

Solubilization buffer 5 M GuHCl 

20 mM Tris-HCl 

0.15 M NaCl 

1 mM EDTA 

1 mM DTT 

pH 8.0 

Stacking gel buffer 0.5 M Tris 

pH 6.8 

TAE buffer (1×) 40 mM Tris 

1 mM EDTA 

20 mM Acetic acid 

pH 8.0 

TBE buffer (1×) 89 mM Tris 

89 mM Boric acid 
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2 mM EDTA 

pH 8.0 

Tetracycline stock solution (1000×) 10 mg/ml Tetracycline in Ethanol 

TBS buffer 50 mM Tris-HCl 

150 mM NaCl 

pH 7.6 

TBST buffer 0.05% (v/v) Tween 20 

0.2% Triton X-100 

in TBS buffer 

6.1.6. Phage, E. coli strains and eukaryotic cell lines 

Table 6. Phage and E. coli strains used in this work. 

Strain Source 

M13KO7 Helper Phage NEB 

DH10β Invitrogen 

DH5α Fermentation Technology Group, Bielefeld University, Ger-

many 

ER2738 NEB 

BL21(DE3) Fermentation Technology Group, Bielefeld University, Ger-

many 

RV308 DSMZ 

Table 7. Human and animal cell lines used in this work. 

Eukaryotic cell lines  Source 

HeLa DSMZ 

HEK-293 DSMZ 

FreeStyle 293-F Thermo Fisher Scientific 

CHO-K1 DSMZ 

6.1.7. Media 

Table 8. Media used in this work. 

Name Composition 

LB medium (Lennox, Carl Roth) 1% (w/v) Tryptone 

0.5% (w/v) NaCl 

0.5% (w/v) Yeast extract 

pH 7.0 

LB-Agar LB medium 

1.5% (w/v) Agar 
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SOC medium 2% (w/v) Tryptone/Peptone 

0.5% (w/v) Yeast extract 

10 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

20 mM Glucose 

DMEM  DMEM (Sigma-Aldrich) 

10% FCS (Sigma-Aldrich) 

1% P/S (Sigma-Aldrich) 

HEK-TF HEK-TF (Xell AG) 

8 mM Glutamine (Sigma-Aldrich) 

DMEM/Ham’s F-12 DMEM/Ham’s F-12 (Merck Milipore) 

10% FCS (Sigma-Aldrich) 

1% P/S (Sigma-Aldrich) 

2 mM Glutamine (Sigma-Aldrich) 

6.1.8. Antibodies 

Table 9. Antibodies used in this work. 

Antibody (dilution) Supplier 

Anti-AAV VP1/VP2/VP3 mouse monoclonal, B1 (1: 100) 65158, Progen 

Anti-AAV2 (intact particle) mouse monoclonal, A20 (1: 250) 61055, Progen 

Anti-AAV5 (intact particle) mouse monoclonal, ADK5a 

(1:250) 

610148, Progen 

Anti-human IgG1 (gamma 1 chain specific), mouse antibody, 

HRP (1: 2500) 

AM08151HR-N, Acris Antibodies 

Goat anti-mouse IgG (H+L), HRP conjugated secondary anti-

body (1: 2500) 

31430, Thermo Fisher Scientific 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Dylight 594 

(1: 500)  

35510, Thermo Fisher Scientific 

SARS-CoV-2 Spike RBD Nanobody (1: 10000) CSB-RA33245A2GMY, Cusabio 

Tetra·His (1: 2000)  34670, Qiagen 

6.1.9. Kits 

Table 10. Kits used in this work. 

Kits Supplier 

Gibson Assembly® Master Mix E2611S, NEB 

GoTaq® qPCR Master Mix A600.1, Promega 
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NucleoSpin® Gel and PCR Clean-up 740609.250, Macherey-Nagel 

NucleoSpin® Plasmid 746588.250, Macherey-Nagel 

NucleoSpin® Xtra Midi 740410.50, Macherey-Nagel 

SuperSignalTM WEST Pico PLUS 34580, Thermo Scientific 

6.1.10. Enzymes  

Table 11. Enzymes used in this work. 

Enzyme Supplier 

Benzonase nuclease Sigma-Aldrich 

DNase I NEB 

Phusion High-Fidelity DNA Polymerase  NEB 

Protease K Sigma-Aldrich 

Restriction enzymes NEB 

T4 ligase Thermo Fisher Scientific 

6.1.11. Ladders 

Table 12. DNA and protein ladders. 

DNA and protein ladder Supplier 

GeneRuler 1kb DNA Ladder SM0311, Thermo Fisher Scientific 

Color Prestained Protein Standard, Broad 

Range 

P7712, P7719, NEB 

6.1.12. Oligonucleotides 

Table 13. Oligonucleotides used in this work. 

Name Sequence 

T7pro_Seq CCACGATGCGTCCGGCGTAG 

qPCR-hGH_F CTCCCCAGTG CCTCTCCT 

qPCR-hGH_R ACTTGCCCCTTGCTCCATAC 

qPCR-CMV_F GGGACTTTCCTACTTGGCA 

qPCR-CMV_R GGCGGAGTTGTTACGACA 

AAV2 VP3_Seq1 AACTGTTTAATATCCAGGTG 

AAV2 VP3_Seq2 CCGTGTTATCGTCAGCAGCG 

AAV2 VP3_F ATATAGAATTCAAATATCTAGACATATGGCAACCGGTTCAG 

AAV2 VP3_R TATATCTGCAGTATATACTAGTAAGCTTCTC 

AAV2 VP3_TEV_His6_F ATATAGAATTCAAATATCTAGACATATGGCAACCGGTTCAG 

AAV2 VP3_TEV_His6_R ATATACTCGAGTTACAGATTACGTGTCAGATAGCGGG 

AAV2 VP3_His6587_F CATCATCACCATCATCATCGTCAGGCAGCAACCGCAG 
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AAV2 VP3_His6587_R ATGATGATGGTGATGATGATTACCACGTTGCAGATTG 

AAP2_F ATATACATATGGAGACGCAGACTCAGTA 

AAP2_R ATATACTCGAG-

TTAATGATGATGGTGATGATGGGGTGAGGTATCCATACTG 

AAV5 VP3_Seq1 CCACGATGCGTCCGGCGTAG 

AAV5 VP3_Seq2 CGTATGTTGTTGGCAATGG 

AAV5 VP3_Seq3 CAGCCTGCAAATCCGGGTAC 

AAP5_F ATATAATATACATATGGACCCAGCGGATCCCAG 

AAP5_R ATATACTCGAGTTAATGATGATGGTGATGATGGCGTCGCGTAACCG-

TACTGC 

AAP5_Seq CCACGATGCGTCCGGCGTAG 

AAV5 VP3_His6_F ATATACATATGCATCATCACCATCATCACATGTCTGCAGGTGGTGGTGG 

AAV5 VP3_His6_R ATATACTCGAGTTACAGCGGACGG 

AAV5 VP3_ARM_F ATACATATGATTCGTCGTCGTTATGCACGTCCG-

TATCGTCGTCGCCATATTCGTCGC-

TATCGTCGCCGTCGTCGTCATTTTCGCCGTCGCCGTTTTACCACACATCAT

CACCATCATCAC 

AAV5 VP3_ARM_R ATATACTCGAGTTACAGCGGACGG 

ssDNA_F CGATGTACGGGCCAGATATA 

ssDNA_R CTAGTATCTGTGGCCCAGCT 

RBD_F TCATCATCACCATCATCATGGCGGCAGCGGCAGAGTCC 

RBD_R CTGCGGTTGCTGCCTGACGGCCGCTGCCGCCGAAATTG 

RBD_AAV2 VP3_F ATGATGATGGTGATGATGATTACCACG 

RBD_AAV2 VP3_R CGTCAGGCAGCAACCGCAG 

RBD_AAV5 VP3_F TCCCCTCTAGAAATAATTTTGTT 

RBD_AAV5 VP3_R ATATACTCGAGTTAGAAATTGACACATTTGTTTTTAAC 

0701_His6_F GTGGGCCCAAAAAGGGATCC 

0701_His6_R ATATACTCGAGTTATCAGTGATGGTGGTGGTGATGTTT-

GTAGAGCTCATCCATGCC 

0701_Seq1 CCACTGCTTACTGGCTTATC 

0701_Seq2 GGCAGTACGCCATGTAACG 

0701_Seq3 CTACAAGACGCGTGCTGAAG 

His6_RBD_F TCCCCTCTAGAAATAATTTTGTT 

His6_RBD_R ATATACTCGAGTTAGAAATTGACACATTTGTTTTTAAC 
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6.1.13. Plasmids 

Table 14. Plasmids used in this work. 

Number Name  Source 

pZMB0088 pHelper Agilent 

pZMB0216 pSB1C3_001_Rep_VP123_453_587wt_p5tataless ZMB 

pZMB0347 pUC19bb_ITR_EXS_pCMV_mKate2_hGH ZMB 

pZMB0522 pUC19bb_ ITR_EXS_pCMV_mVenus_hGHpolyA ZMB 

pZMB0452 pET24b_AAV2_VP3_TEV_His6 This work 

pZMB0458 pJKME_AAV2_VP3_TEV_His6 This work 

pZMB0580 pET24b_AAV2_VP3 This work 

pZMB0581 pET24b_AAV2_VP3 His6587 This work 

pZMB0582 pET24b_AAP2 This work 

pZMB0611 pET24b_AAV5_VP3 This work 

pZMB0647 Rep2Cap5  Penn Vector Core 

pZMB0649 pJKME_AAV5_VP3 This work 

pZMB0668 pET21a_AAP5 This work 

pZMB0669 pET24b_His6_AAV5 VP3 This work 

pZMB0670 pET24b_ARM_His6_AAV5 VP3 This work 

pZMB0701 pcDNA3_SARS-CoV-2_S-RBD-sfGFP Addgene 

pZMB0702 pcDNA3.1_CMV_hACE2 Addgene 

pZMB0706 pET24b_AAV2 VP3_587 His6_RBD This work 

pZMB0711 pcDNA3_SARS-CoV-2_S-RBD-sfGFP_His6 This work 

pZMB0728 pET24b-His6_RBD_AAV5 VP3 This work 

pZMB0733 pET24b-His6_RBD This work 

6.2. Methods 

6.2.1. Molecular genetic methods 

6.2.1.1. Cultivation and storage of E. coli 

E. coli was cultivated using LB medium or LB Agar supplemented with appropriate antibiotics (Ta-

ble 5, Table 8). Cultures were stored at 4°C for a short period of time on agar plates. For long-time 

storage, 650 µl of liquid culture was mixed with 350 µl of glycerol 80% and stored at -80°C. 

6.2.1.2. Preparation and heat shock transformation of chemically competent E. 

coli cells 

Chemical competent E. coli cells were prepared using a standard CaCl2 protocol.241 To do a trans-

formation, 5 µl of a ligation mixture or 1 µl of isolated DNA plasmid was added to a 50-µl aliquot 
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of E. coli competent cells and incubated on ice for 30 min. After a heat shock at 42°C for 45 s, E. 

coli cells were put on ice again for 2 min. Afterwards, 1 ml of SOC medium (Table 8) was added 

and incubated at 37°C, 200 rpm for 1h. Then, 100 µl of transformed E. coli was plated on agar 

plates containing appropriate antibiotics. For the transformation of a plasmid containing the am-

picillin resistance gene, E. coli was directly plated on an agar plate without recovery step in SOC 

medium. 

6.2.1.3. General cloning procedures 

Plasmid DNA was isolated from E. coli cells using the NucleoSpin Plasmit kit (Macherey-Nagel) for 

a small amount of DNA isolation. For the larger one, NucleoBond Xtra Midi (Macherey-Nagel) was 

used. The extraction protocols were performed as described by the manufacturer. DNA concen-

tration was then determined using the NanoDrop 200c UV/Vic spectrophotometer (Thermo Fisher 

Scientific). Afterwards, the plasmid DNA was used as a template for a PCR (Table 15) or a digestion 

reaction (Table 16). For agarose gel electrophoresis, 1% w/v agarose gel in TAE buffer (Table 5) 

was used. ROTIGelStain was added into the gel to detect DNA (Table 5). DNA ligation of two com-

patible DNA fragments was done using T4 DNA ligase as described in Table 16. Insert: vector molar 

ratios were calculated using NEBio Calculator (Ver. 1.12.0, NEB). The fragments could also be li-

gated using Gibson Assembly Master Mix (E2611, NEB, following the manufacture’s protocol). Fi-

nally, the cloned DNA sequences were confirmed by sequencing at the Sequencing Core Facility, 

CeBiTec, Bielefeld University, Germany. 

Table 15. PCR reaction (Phusion High-Fidelity Polymerase, NEB). 

Components Thermal cycling condition 

5×GC buffer 10 µl Initial denaturation 98°C, 3 min 

10 mM dNTPs 1 µl 30 cycles 

Denaturation 

Annealing 

Extension 

 

10 µM forward primer (Table 13) 2.5 µl 98 °C, 30 s 

10 µM revert primer (Table 13) 2.5 µl 45°C-72oC, 20 s 

DMSO 0.5 µl 72 °C, 30 s/kb 

MgCl2 2 µl   

Polymerase 0.5 µl Final extension 72°C, 5 min 

Plasmid template 1 pg-10 ng Store 8°C 

MilliQ to 50 µl  

 
Table 16. Digestion and ligation reaction. 

Digestion reaction DNA ligation reaction 

CutSmart buffer (10×) 

Restriction endonucle-

ase 

5 µl 

1 µl  

1 µg 

T4 buffer (10×) 

T4 DNA ligase 

Insert DNA 

 2 µl 

1 µl 

3:1 or 5:1 molar ratio over plasmid 
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DNA 

MilliQ  

to 50 µl 

37°C, 1 h 

Plasmid DNA 

MilliQ 

100 ng 

to 20 µl 

Room temperature, 1h 

6.2.1.4. ssDNA production 

ssDNA was produced using bacteriophage M13. Briefly, E. coli ER2738 was transformed with plas-

mid pZMB0347 (ITR-mKate plasmid) using the electroporation method (1.8 kV, MicroPulser, Bio-

Rad).242 After overnight culture in LB medium containing Ampicillin and Tetracycline, E. coli was 

transferred to a 50-ml fresh medium and cultured to OD600 of 0.6. Helper phage M13KO7 was then 

added to the E. coli culture with a concentration of 5 × 109 phages/ml and incubated for 4 h at 

37°C, 180 rpm. Afterwards, the culture was centrifuged at 5000×g, 10 min (2 times), and the su-

pernatant fraction containing phages was transferred to a new tube. Glacial acetic acid was added 

to the supernatant (10 µl acetic acid per 1 ml culture) and incubated for 2 min. After that, ssDNA 

was then isolated from the supernatant using NucleoSpin Plasmid kit (Mecherey-Nagel). 

6.2.2. Methods in protein biochemistry 

6.2.2.1. Recombinant protein expression and purification in E. coli and 293-F cells 

BL21(DE3) and a pET expression vector were used to express recombinant proteins in E. coli. 

Transformed E. coli was cultured in LB medium containing appropriate antibiotics at 37°C to an 

OD600 of 1.2-1.5, then isopropyl β-D-thiogalactopyranoside (IPTG) was added to a concentration 

of 0.4 mM, and the culture was subsequently incubated at 37°C, 4h or 18°C, 18 h at 180 rpm. Cells 

were harvested at 5000×g, 4°C for 15 min. Pelleted cells were resuspended in a lysis buffer (50 

mM NaH2PO4, 300 mM NaCl, pH 8) supplemented with 1 mg/ml lysozyme and lysed by sonication 

on ice (Branson Sonifier 250 with micro tip, power setting 70%, constant duty, 10 cycles, 30 s each) 

or by a French press at 1000 psi.  

For the recombinant proteins that formed inclusion bodies, cell debris and inclusion bodies were 

collected by centrifugation at 20000×g, 4°C for 30 min. Ion-exchange chromatography was used 

to purify proteins without a purification tag using the Äkta start purification system (UNICORN 

software). In brief, the remaining pellet was solubilized in IEX buffer A (20 mM Tris-HCl, 8M Urea, 

pH 8). A 2-ml Q Sepharose resin (GE Healthcare) packed column was equilibrated with IEX Buffer 

A. The column was then loaded with sample and washed with IEX Buffer A. Bound proteins were 

eluted with a gradient of IEX Buffer B (20 mM Tris-HCl, 1M NaCl 8M, Urea, pH 8). Fractions con-

taining target proteins were collected and concentrated with centrifugal filter units. Other pro-

teins containing a His6-tag, the proteins were purified by immobilized metal-ion affinity chroma-

tography (IMAC). Briefly, a column with 2 ml of Ni-NTA Agarose (Macherey-Nagel) was equili-

brated with IMAC buffer A (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 8 M Urea, pH 8), 

then sample was loaded and washed with five-column volumes of IMAC buffer A containing 7% 
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IMAC buffer B (50 mM NaH2PO4, 300 mM NaCl, 250mM imidazole, 8 M Urea, pH 8). Afterwards, 

bound proteins were eluted with 100% IMAC buffer B.  

For recombinant proteins expressed in soluble form in E. coli, the supernatant from cell lysate was 

separated and collected. Protein purification was performed as described above but under non-

denaturing conditions (without urea and GuHCl). Notably, to obtain ARM_AAV5 VP3 protein that 

was expressed in soluble form in E. coli, IMAC purification in high salt concentration buffer (1 M 

NaCl) was used.  

FreeStyle 293-F cells were used to produce RBD_GFP protein. Briefly, 50 ml of cells in HEK-TF 

medium (3 × 106 cells/ml) in a 250-ml flask was washed with 1× PBS. Afterwards, 120 µg RBD_GFP 

plasmid DNA (pZMB0711) was mixed with PEI in a 1:4 DNA: PEI ratio (w/w) and added to the cells 

in 75 ml HEK-TF medium. After 4 h incubation at 185 rpm, 37°C, 75 ml fresh HEK-TF medium was 

added to the culture. After that, the culture was split into two 250-ml shaking flasks and cultivated 

for 6 days. The cell culture supernatant containing recombinant proteins was collected by centri-

fuging at 2000×g for 10 min. Since a His6-tag was inserted at the C-terminus of RBD_GFP, the 

protein purification was performed using an IMAC column as described above. Buffers for protein 

purification were listed in Table 5.  

6.2.2.2. SDS-PAGE and western blot 

Samples of protein were separated on an acrylamide gel using the Hoefer SE 260 system.243 The 

polyacrylamide gel consisted of 12% separating and 4% stacking gels. Gel components were listed 

in Table 17. 

Table 17. Composition of 12% separating and 4% stacking gels. 

Components (Table 5) 12% gel solution 4% gel solution 

MilliQ 13 ml 8.17 ml 

Separating gel buffer  12.5 ml - 

Stacking gel buffer  - 3.78 ml 

10% SDS solution 0.5 ml 0.15 ml 

Acrylamid-Bisacrylamid 30% solution 

(29:1) 

20 ml 3.35 ml 

TEMED 0.025 ml 0.015 ml 

1.5% APS solution 4 ml 0.9 ml 

Total volume (for 4 gels) 50.025 ml 16.365 ml 

 

Protein ladders (Table 12) and protein mixed with the Laemmli sample buffer (5×) were loaded to 

the gel then separated using a Hoefer SE 260 chamber filled with the running buffer (Table 5). 
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After that, protein staining was either performed with silver nitrate244 or Coomassie. For western 

blot, protein was transferred to nitrocellulose membranes (88018, Thermo Fisher Scientific, 0.45 

µm) equilibrated in the transfer buffer (Table 5) using a semi-dry blotting apparatus (VWR). After 

blocking with 10% (w/v) non-fat dry milk (Applichem) in TBS buffer, the membranes were incu-

bated for 1 h at room temperature with a primary antibody (Table 9). Detection was achieved 

using a secondary antibody coupled to horseradish peroxidase (Table 9), SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (34580, Thermo Fisher Scientific) and a Fusion FX camera sys-

tem (Vilber). 

6.2.3. Biophysical measurements 

6.2.3.1. Dynamic light scattering 

Dynamic light scattering (DLS) was performed on a DynaPro 99 (Wyatt/Protein Solutions) instru-

ment (Dynamics software). Samples were filtered through 0.22 µm PVDF syringe filters (Millipore) 

and centrifuged at 18000×g for 30 min before measurement. Measurements for each sample 

were averaged of at least 20 acquisitions.  

6.2.3.2. Atomic force microscopy 

A multimode 8 AFM (Bruker) with Tap300AI-G cantilevers (BudgetSensors) in tapping mode in air 

was used to measure the particles. Briefly, particles in buffer were spotted onto freshly cleaved 

mica and incubated for three minutes. Then, wash the mica with distilled water and dry it under 

a gentle nitrogen flow. The AFM images and particle height profiles were generated using 

Gwyddion 2.49 software. 

6.2.3.3. Transmission electron microscopy 

 3 µl of VLP samples was applied to a carbon-coated grid (200 mesh, Electron Microscopy Science) 

treated with oxygen plasma and incubated for 2 min. Excess liquid was removed with filter papers, 

the grid was dried at room temperature and washed with three drops of distilled water. To per-

form negative staining, 3 µl of 2% (v/v) uranyl acetate (Science Services) was added and incubated 

for 1 min. Excess liquid was drained off and the grids were dried again. VLP samples were visual-

ized with a Cryo-TEM. Images were analyzed using the Soft Imaging Viewer (Olympus).  

6.2.4. Cell culture techniques 

6.2.4.1. Cultivation and cryopreservation of eukaryotic cells 

All cell lines were maintained at 37°C with 5% CO2, 95% humidity. Adherent cells were cultivated 

in T-flasks or 10-cm Petri dishes, suspension cells were maintained in Erlenmeyer cell culture flasks 

on an orbital shaking platform at 185 rpm, 5-cm amplitude. HeLa and HEK-293 cell lines were 

cultivated in DMEM supplemented with 10% FCS, 1% P/S. DMEM/Ham’s F-12 containing 2 mM 
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Glutamine was used to cultivate CHO-K1 cell line. Cultivation of 293-F cells (a suspension cell line) 

was carried out in HEK-TF medium with the supplement of 8 mM Glutamine (Table 8). 

Cells can be cryopreserved in the growth medium supplemented with 10% DMSO at -150°C. Ini-

tially, cells were counted, pelleted (150×g, 5 min) and resuspended to a concentration of 1 × 107 

cells/ml. Cells were then aliquoted to 1-ml cryogenic vials and frozen slowly at 1°C/min in an in-

sulated freezing container in a -80°C freezer. The vials were transferred to a -150 freezer for long-

term storage. For thawing, a frozen vial was placed in a 37°C water bath, the cells were then sus-

pended in the growth medium and transferred to the culture flasks.  

6.2.4.2. Counting of eukaryotic cells 

The Luna Automated Cell Counter system was used to determine the number of mammalian and 

animal cells. 10 µl of cell samples was taken during passaging and mixed with 10 µl of 0.4% trypan 

blue solution (Sigma-Aldrich). The mixture was applied to a counting slide and inserted into the 

counting system. The total cell number and percentage of viability provided by the device were 

used for further experiments. 

6.2.4.3. ssDNA transfection 

CHO-K1 cells were seeded overnight prior to transfection in 24-well plates (3 × 104 cells/well). The 

transfection mixture was prepared by combining 1.6 µg ssDNA in 50 µl OptiMEM and 2 µl Lipofec-

tamine 2000 (Thermo Fisher Scientific) in 50 µl OptiMEM, then incubated for 20 min. After that, 

100 µl of transfection mixture was directly applied to each well. The cells were incubated for 48 

to 72 h for further analysis. 

6.2.4.4. Generation of transient HEK-293 cells displaying hACE2 receptors 

The transfection was performed using the calcium phosphate protocol.245 HEK-293 cells were 

seeded overnight prior to transfection in 24-well plates (1 × 105 cells/well). Afterwards, 1 µg 

hACE2 plasmid DNA (No. 1786, addgene) diluted in 0.3 M CaCl2 was added dropwise into 2× HBS 

buffer. The mixture was vortexed thoroughly and added to the cells. The number of HEK-293 cells 

displaying the receptors was accessed after 48 h incubation. 

6.2.5. VLP and virological methods 

6.2.5.1. In vitro and in vivo assembly of AAV VLPs 

In vitro AAV capsid assembly was carried out by dialyzing 1.5 mL of AAV2 VP3 and modified AAV2 

VP3 proteins (0.15 mg/mL) in solubilization buffer (Table 5) five times against 100 ml of phos-

phate-buffered saline (PBS) pH 9 containing 0.2 M L-arginine at 4°C, changing buffer every 12 h 

over a 60-h period. To investigate the effect of AAP2 on in vitro assembly, purified VP3 protein 

(0.15 mg/ml) was mixed with a varying concentration of purified AAP2 (a VP3:AAP2 ratio of 1:2 or 

2.5:1). Afterwards, capsid assembly was performed as mentioned above.  
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To form modified AAV2 VP3_RBM and VP3_RBD VLPs in vitro, 2 ml of RBM and RBD-fused VP3 

proteins (0.2 mg/ml) in 8 M urea were gradually dialyzed into 100 ml buffers of 4, 2, 1, 0.5, 0 M 

Urea, 20 mM Tris-HCl, 500 mM NaCl, pH 9. The dialyzed samples were then centrifuged at 

11000×g for 10 min and the supernatant was collected for further analysis. 

For AAV5 assembly inside E. coli, the cells containing pET24-AAV5 VP3 were cultured in LB medium 

containing 50 µg/ml kanamycin at 37°C until OD600 reached 1.5. Then, IPTG was added to a final 

concentration of 0.4 mM and the 1-liter medium was incubated in an orbital shaker with a speed 

of 170 rpm at 18°C for 18 h. To improve the in-vivo capsid assembly yield, pET21-AAP5 and pET24-

AAV5-VP3 were co-transferred into E. coli BL21(DE3), and protein expression was performed using 

LB media containing 50 µg/ml kanamycin and 100 µg/ml ampicillin as described above. 

6.2.5.2. rAAV production in adherent HEK-293 cells 

Recombinant AAV (rAAV2 or rAAV5) was produced in HEK-293 cells with a three-plasmid sys-

tem.246 Briefly, HEK-293 cells were seeded with a density of 3 × 106 cells per 10-cm dish and culti-

vated overnight. Cells were then transfected with 15 µg of total DNA per dish including Rep2Cap2 

plasmid (pZMB0216) or Rep2Cap5 plasmid (pZMB0647), pHelper plasmid and ITR-containing plas-

mid (Table 14) with a molar ratio of 1:1:1 using calcium phosphate.245 After 3-day incubation, the 

cells were harvested and rAAV was then purified for further uses. 

6.2.5.3. AAV VLP and rAAV purification 

AAV5 VLP formed inside E. coli was purified using POROSTM CaptureSelectTM AAVX Affinity resin 

(A36739, Thermo Fisher Scientific). Briefly, E. coli cells were harvested at 5000×g, 4°C for 10 min. 

Pelleted cells were washed, resuspended in PBS buffer (Table 5) and disrupted with a French press 

at 1000 psi. Afterwards, soluble proteins were obtained by centrifugation at 20000×g, 4°C for 20 

min. Proteins were then precipitated from this solution by ammonium sulfate (12.52 g per 40 ml 

of sample, on ice 1 h) and VLPs were purified from the pellet using the AAVX Affinity resin column. 

Briefly, a 0.5-ml resin-packed column was equilibrated with 5 ml 1× PBS buffer plus 0.1 M NaCl, 

pH 7.4 at 1 ml/min. The column was then loaded with the sample and washed with 10 ml equili-

bration buffer at 1 ml/min. Bound particles were eluted using 5 ml citric acid (100 mM, pH 2) and 

neutralized with 1 M Tris-HCl (pH 8.7), concentrated and changed to 500 µl Hank’s Balanced Salt 

Solution (HBSS) buffer with a centrifugal filter unit of 100 kDa molecular weight cut-off.  

For rAAV purification, HEK-293 cells were resuspended in an AAV lysis buffer (50 mM Tris, 150 

mM NaCl, 2 mM MgCl2, pH 7.5 - 8.0), and the particles were released from the cells by three 

freeze-thaw cycles. AAVX Affinity column was used to purify rAAV as described above.  

6.2.5.4. Dot blot assay 

Dot blot assay was used to detect the presence of AAV5 VLPs in E. coli cell extracts. Nitrocellulose 

membrane (88018, Thermo Fisher Scientific) was submerged in TBS buffer and mounted onto a 
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Dot-blot apparatus (Bio-Dot® Apparatus, Bio-Rad). E. coli cell extracts were diluted (10 and 100 

times) in TBS buffer to 250 µl and applied to the membrane with a flow rate of 250 µl per 45 

seconds. Afterwards, the membrane was removed from the apparatus and washed with TBS 

buffer for 10 min. The following steps were performed as described above for western blot anal-

ysis. 

6.2.5.5. ELISA 

Capsid ELISA with anti-intact-capsid antibodies was used to detect AAV particles. Briefly, VLP and 

rAAV samples were captured onto a Nunc MaxiSorp 96 well plate at 4°C overnight, and an anti-

AAV2 (A20, Progen or A20 scFv-Fc antibody produced in our lab186) or anti-AAV5 (ADK5a antibody, 

Progen, Table 9) monoclonal antibody was used for detection of AAV2 or AAV5 particles. The wells 

were blocked with 0.8% BSA in PBS for 1 h, followed by incubation with the first antibody (1: 250 

dilution, in blocking buffer) for 1 h at room temperature. The appropriate secondary antibody was 

an anti-mouse-HRP conjugate (31430, Thermo Fisher Scientific, 1: 2500 dilution) or anti-human-

HRP conjugate (AM08151HR-N, Acris Antibodies, 1: 2500 dilution). After that, 1 g/L 2,2'-326 Az-

inobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS) in ABTS buffer (Table 5) 

was added and incubated for 30 min. Optical density was measured by a microplate reader 

(PowerWaveHT (KC4 software), BioTek or Infinite® M Plex (i-control software), Tecan) at 405 nm. 

We used a sandwich ELISA with recombinant PKD1 domain of the AAV receptor for capture and 

an anti-AAV5 mouse monoclonal (ADK5a) antibody for detection to titer AAV5 particles. Briefly, 

PKD1 (200 ng/well) produced by our working group247 was applied to a Nunc MaxiSorp 96 well 

plate and incubated at 4°C overnight. Then, 0.8% BSA was used to block the wells before adding 

AAV5 VLPs and ADK5a antibody, respectively. Further steps of the ELISA were performed as men-

tioned above.  

To confirm the conformation of RBD after refolding from inclusion bodies of VP3_RBD fusion pro-

teins in E. coli, ELISA with a conformational RBD nanobody (CSB-RA33245A2GMY, CUSABIO, 1: 

10000 dilution) was performed. AAV2 VP3_RBD protein (0.4 µg/well) was captured on an ELISA 

plate overnight at 4°C. Anti-human-HRP conjugate was used as a secondary antibody. The ELISA 

protocol was carried out as described above. 

6.2.5.6. AAV VLP internalization assay 

Internalization of VLPs was studied using human HeLa cells. First, HeLa cells were seeded on L-

lysine-coated coverslips (1.2 cm diameter) placed in 24-well plates with a density of 3 × 104 

cells/well overnight. Then, the cells were incubated with rAAV or VLPs for 2 h at 37°C, followed 

by fixation with 4% paraformaldehyde and permeabilization with 1% Triton X-100. BSA 1% was 

applied for blocking for 30 min and the A20 antibody for AAV2 and ADK5a antibody for AAV5 
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detection in blocking buffer was added and incubated at 4°C overnight. For detection, a fluores-

cently label antibody (Goat anti-Mouse IgG (H+L) Secondary Antibody, Dylight 594, 35510, Thermo 

Fisher Scientific, 1:500) was used. After washing, the cells were incubated with 4′,6-diamidino-2-

phenylindole (DAPI) for 10 min at room temperature and the coverslips were mounted on glass 

slides, followed by image acquisition on a Leica DMI6000 B microscopy. 

6.2.5.7. Cell binding assay 

Cell-binding assay was used to assess the functionality of RBD_GFP produced in 293-F cells. Briefly, 

RBD_GFP with different concentrations (50 nM, 100 nM, 200 nM) was diluted in DMEM medium 

(without FCS, without P/S), then applied onto the HEK-293 cells expressing hACE2 receptors 

washed with 1× PBS (in 6.2.4.4), subsequently incubated for 30 min at 37°C. After washing 3 times 

with 1× PBS, 100 µl Accutase was added to each well for 2 min to detach the cells. The cells were 

then resuspended with 400 µl colorless RPMI, filtrated and transferred to a FACS tube. The binding 

assays were examined via GFP-positive cells using a FACSalibur system. At least 10000 events were 

measured and analyzed using a FlowJo software (Ver. 10.6.1). 

6.2.5.8. DNA encapsidation into AAV VLP and ARM_VP3 VLP formation 

DNA samples were mixed with ARM_VP3 protein in a high salt buffer of 1 M NaCl, then either 

directly diluted three times into a low salt concentration buffer (20 mM Tris-HCl, pH 8.0), incu-

bated overnight or dialyzed into an assembly buffer of 20 mM Tris-HCl, 125 mM NaCl, pH 8.0. As 

a control, ARM_VP3 protein only was dialyzed against the assembly buffer (20 mM Tris-HCl, 125 

mM NaCl, pH 8.0). To do the dialysis, the lower part of a 0.5-ml reaction tube was cut off and the 

center of the tube lid was removed. A membrane with an MWCO of 6-8 kDa was then fixated 

between the tube and the lid. The tube in a piece of foam was put in a beaker of 200 mL assembly 

buffer. The prepared samples were then applied through the bottom side of the tube and dialyzed 

overnight at 4°C. 

6.2.5.9. Determination of rAAV genomic titers and AAV VLP encapsidated DNA 

qPCR was used to determine AAV genomic titers and the AAV VLP encapsidated DNA. Prior to 

qPCR, samples were treated with 5 U DNase I in a final volume of 25 µl reaction at 37°C, 30 min, 

followed by heat inactivation at 75°C, 20 min. Crude lysate samples were additionally incubated 

with 0.8 U Proteinase K at 37°C, 50 min before heat inactivation at 95°C, 20 min. 25-fold diluted 

samples in nuclease-free water were used as qPCR templates. The samples (5 µl) were mixed with 

5 µl primer mix (2.5 µl forward primer, 2.5 µl revert primer at a concentration of 4µM) and 10 µl 

of 2× GoTag qPCR Mastermix (Promega). The qPCR cycling conditions were performed as de-

scribed in Table 18 with a LightCycler 480 II.  

Table 18. Thermal cycling conditions. 
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Cycle step Temperature Time 

Initial denaturation 95°C 10 min 

40 cycles 

Denaturation 

Annealing/Elongation 

 

95°C 

60°C (hGH primer set) or 

58°C (CMV primer set) 

 

15 s 

1 min 

 

The genomic titer was calculated based on a standard curve of 10 to 106 copies of the ITR plasmid 

and an internal control (104-105 copies). 

6.2.5.10. Cell transduction assay 

Transduction efficiency of rAAV5 and AAV5 VLPs was performed on CHO-K1 cells. rAAV5 samples 

in different multiplicities of infection (MOI) were applied on the cells that were seeded and settled 

for 1 h on a 12-well plate (3 × 104 cells in 500 µl medium per well). After overnight incubation, 500 

µl of fresh medium was added to the wells. The cells were then incubated for 3 to 4 days for 

fluorescent protein reporter detection. Fluorescence was detected using a fluorescence micro-

scope (Leica DMI6000 B). 

6.2.5.11. FITC conjugation to AAV VLPs, VLP agarose gel electrophoresis and FITC-

labeled AAV VLP internalization 

AAV2 VLP (VP3 CTTEVHis6 VLP) samples were dialyzed into 0.1 M Carbonate-Bicarbonate buffer 

(pH 9) (Table 5). Afterwards, FITC solution in DMSO (1 mg/ml) was added to the VLP samples with 

a ratio of 100 ng FITC per 1 µg VLP and incubated in the dark for 8 h at 4°C. To get rid of free FITC, 

the reaction was dialyzed into a 2-L PBS buffer. 

To perform native VLP agarose gel electrophoresis, the FITC-labeled VLPs were loaded to 1.2% 

Agarose gel in 1× TBE buffer (Table 5). The electrophoresis was performed at 120 V for 1 h. The 

labeled VLPs were visualized using a BlueLight table. The agarose gel was then stained with the 

Coomassie solution (Table 5). 

For an internalization assay, HeLa cells were seeded on a D-lysine-coated coverslip plated in a 24-

well plate with a density of 104 cells/well and cultivated overnight. On the following day, the cells 

were pre-incubated with DMEM medium (without FCS) for 30 min. Afterwards, the labeled VLPs 

were applied to the wells and incubated at 37°C for 2 h. After 3 times washing with 1× PBS, the 

coverslips were stained with Hoechst 33342 solution for 20 min and mounted on a microscopy 

slide using Mowiol-Dabco solution. The samples were examined under a Leica DMI6000 B micros-

copy with different objectives. 
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6.2.6. Mouse experiment 

Mouse experiments were conducted by Dr. Olaf Behrsing, Molecular Biotechnology, Institute for 

Biochemistry and Biology, University of Potsdam, Germany. 

6.2.6.1. Mouse immunization and serum collection 

The immunogenicity of AAV2 VP3_RBM and VP3_RBD VLPs was evaluated in BALB/c mice (20 g) 

at the animal facility (Building 25, Karl-Liebknecht-Str. 24-25, D-14476 Potsdam-Golm), Molecular 

Biotechnology, Institute for Biochemistry and Biology, University of Potsdam. Mice were injected 

with either AAV2 VP3_RBM VLPs or AAV2 VP3_RBD VLPs (20 µg VLPs per dose) by intraperitoneal 

injection with the schedule described in Figure 19. For VP3_RBM immunization, a mixture of 

adjuvants (CFA) and samples was inoculated for the first immunization, followed by sample-only 

injection for boosters. For VP3_RBD immunization, one mouse was injected with VP3_RBD only, 

another one was immunized with VP3_RBD and CFA for the first vaccination followed by injection 

of VP3_RBD antigens only for the boosters. Sera were collected around one week after the first 

and the third booster. 

6.2.6.2. Serum ELISA 

Antigen-specific IgG antibodies in sera from the immunized mice were measured by ELISA. Briefly, 

injected antigens, VP3 VLP scaffolds, RBD_GFP and GFP only in PBS buffer (2-5 µg/ml) were cap-

tured on 96-well ELISA plates for 2 h at room temperature. 5% newborn calf serum (NCS) in PBS 

was used to block for 30 min. Afterwards, sera (1: 200, 1: 1000 and 1: 5000 dilution) in blocking 

buffer (5% NCS in PBS) were applied onto the wells and incubated for 40 min at room tempera-

ture. HRP-labelled goat anti-mouse IgG antibody (0.2 µg/ml), and a substrate (o-phenylenedia-

mine (OPD) (1 mg/ml) and H2O2 (0.01%)) in substrate buffer (50 mM citric acid, 100 mM Na2HPO4, 

pH5.0) were used for detection. The reactions were stopped with 1 M H2SO4 and 50 mM Na2SO3, 

and measured at 490 nm.  
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8. Appendix 

8.1. Supplementary information to section 4.1. 

In section 4.1, we presented the results of AAV2 capsid protein expression using a pET expression 

system in E. coli BL21(DE3). In parallel, we also tested other expression systems using E. coli. A 

weaker lac promoter (pJKME plasmid,1 derived from pAK400 plasmid,2 Figure S1a) and E. coli 

RV308 as host were chosen. Two different temperatures (18°C and 37°C) were used for protein 

expression in E. coli and a western blot analysis was then performed with the B1 antibody for VP 

protein detection. As a result, we expressed AAV2 VP3 protein in inclusion bodies at both expres-

sion temperatures as described in Figure S1b.  

 

Figure S1. Expression of AAV2 VP3 in E. coli RV308 using plasmid pJKME. (a) Plasmid map of pJKME-AAV2 VP3. (b) West-
ern blot analysis of VP3 expression at 18°C and 37°C; lane 1, whole-cell protein of E. coli RV308 post-induction with IPTG 
at 18°C; lane 2, insoluble fraction of intracellular protein post-induction with IPTG at 18°C; lane 3, soluble fraction of 
intracellular protein post-induction with IPTG at 18°C; lane 4, whole-cell protein of E. coli RV308 post-induction with 
IPTG at 37°C; lane 5, insoluble fraction of intracellular protein post-induction with IPTG at 37°C, soluble fraction of in-
tracellular protein post-induction with IPTG at 37°C. 
 

At the same time, the E. coli ‘‘leaky mutant’’ JW1667-5 strain (∆lpp-752:kan), which lacks the lpp 

gene to enhance the permeability of the outer membrane,3 was also tested for secretion of AAV2 

VP3 protein into a culture medium. AAV2 VP3 gene was cloned into the pJKME plasmid with the 

pelB leader sequence at 5′ (Figure S2a). Protein expression was carried out at 25°C and a western 

blot with the B1 antibody was used to analyze the expression. Figure S2b shows that no VP3 pro-

tein was detected in the E. coli culture medium, however, the protein was found as inclusion bod-

ies in E. coli. Therefore, to express secreted AAV2 VP3 protein in the E. coli culture, further con-

structs and expression conditions need to be tested in the future. 

pJKME-AAV2 VP3
(pZMB0459)

a
1 2 3 4 5 6

b

VP3
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Figure S2. Expression of AAV2 VP3 in E. coli JW1667-5 using plasmid pJKME. (a) Plasmid map of pJKME-pebB_AAV2 VP3. 
(b) Western blot analysis of VP3wt expression at 25°C; lane 1, protein in LB medium precipitated by (NH4)2SO4; lane 2, 
whole-cell protein of E. coli post-induction with IPTG; lane 3, insoluble fraction of intracellular protein post-induction; 
lane 4, soluble fraction of intracellular protein post-induction. 
 

The inclusion body yield produced in these systems is much lower than that of the pET expression 

system presented in section 4.1, therefore, we chose the pET system for inclusion body produc-

tion for further experiments. 

8.2. Supplementary information to section 4.2 

In section 4.2, we presented the result of expression and concomitant assembly of AAV5 VLPs 

inside E. coli. Here, we describe in vitro assembly methods for AAV5 VLP production by VP3 pro-

tein expression, purification and in vitro capsid assembly. 

AAV5 VP3 can be expressed and formed AAV5 VLPs in E. coli at 18°C expression temperature 

(Figure 10). However, most soluble AAV5 VP3 protein still remains in unassembled form in E. coli. 

We cloned a His6tag at 5′ of AAV5 VP3 gene in a pET vector and expressed protein in E. coli. After 

expression, we used IMAC to purify the His_VP3 protein. Figure S3a indicates that we successfully 

purified soluble VP3 protein. After that, VP3 protein in an IMAC elution buffer (Table 5) was 

concentrated with an Amicon® Ultra-4 centrifugal filter with 10 kDa MWCO and exchanged into a 

high salt buffer of 1 M NaCl, and then dialyzed into an assembly buffer of 20 mM Tris-HCl, 125 

mM NaCl, pH 8.0. Reduced and oxidized L-Glutathione (3 mM GSH/0.3 mM GSSG) were also added 

to the assembly buffer that might help to form correct disulfide bridges. After dialysis, the samples 

were collected and assessed by an indirect ELISA with ADK5a antibody that specifically binds to 

assembled AAV5. Figure S3b indicates a small number of AAV5 VLPs after assembly as shown by 

a low ELISA signal. Therefore, the in vitro assembly of the soluble AAV5 VP3 needs to be further 

optimized in the future. 

b

pJKME-pelB_AAV2 VP3
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a

VP3
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Figure S3. Purification of soluble AAV5 VP3 protein, in vitro assembly and detection of AAV5 VLPs using ELISA. (a) SDS-
PAGE of purified VP3. (b) ELISA probed with anti-AAV5 (intact capsid) antibody (ADK5a). 
 

At the same time, since AAV5 VP3 protein also formed inclusion bodies when expressed at 37°C 

in E. coli (Figure 10), we purified the protein in the form of inclusion bodies and performed in vitro 

assembly of VLPs. The AAV5 VP3 inclusion bodies were dissolved in the IEX buffer A with 8 M urea 

(Table 5) and purified via anion-exchange chromatography (Q Sepharose resin). Figure S4a 

indicates that VP3 protein was successfully purified. For in vitro assembly, as described for AAV2 

VP3 assembly, AAV5 VP3 protein in the 8 M urea buffer was exchanged to a buffer of 5 M GuHCl, 

then dialyzed into an assembly buffer of PBS containing 0.2 M L-arginine. After dialysis, ELISA with 

the AAV5 VP3 assembled capsid antibody (ADK5a) was used to detect the VLPs. As a result, VP3 

VLP formation was confirmed (Figure S4b). This finding offers an in vitro method to produce AAV5 

VP3 VLPs besides the reported in vivo VLP production method described in section 4.2.  

 

Figure S4. Purification of AAV5 VP3 inclusion body, in vitro assembly and detection of AAV5 VLPs using ELISA. (a) SDS-
PAGE of purified VP3. (b) ELISA probed with anti-AAV5 (intact capsid) antibody (ADK5a). 
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Adeno-associated virus capsid 
protein expression in Escherichia 
coli and chemically defined capsid 
assembly
Dinh To Le, Marco T. Radukic    & Kristian M. Müller   *

Research and clinical applications of recombinant adeno-associated virus (rAAV) significantly increased 
in recent years alongside regulatory approvals of rAAV gene therapy products. To date, all rAAV vectors 
as well as AAV empty capsids are produced in eukaryotic cells. We explored a new route to generate 
AAV capsids with the aim to analyze capsid assembly in a chemically defined setting and pave the way 
for new production methods and applications based on AAV virus-like particles (VLPs). We generated 
these empty capsids by bacterial expression and subsequent concomitant protein refolding and VLP 
formation. AAV serotype 2 structural protein VP3 was expressed in Escherichia coli. VLPs formed as 
demonstrated by dynamic light scattering, atomic force microscopy, and ELISA. Furthermore, VLPs 
internalized into human HeLa cells. To extend the application range of the VLPs, we tested peptide 
insertions, at the genetic level, in a surface loop (amino acid position 587) or at the C-terminus of VP3 
and these variants also formed VLPs. VLPs developed without assembly-activating protein (AAP), but 
adding purified recombinant AAP to the refolding process increased capsid yield. Our findings offer a 
new route to understand AAV assembly biology and open a toolbox for AAV production strategies that 
might enable capsid display for vaccination and matching of capsids with cargoes at large scale and low 
cost.

AAV is a member of the family of Parvoviridae genus Dependoparvovirus and consists of a single-stranded DNA 
(ssDNA) genome of 4.7 kb packed in a non-enveloped capsid of 60 proteins arranged in a T = 1 icosahedral sym-
metry. AAV serotype 2 (AAV2) is the best-studied member of the genus which comprises currently 13 human 
and primate serotypes1. The genome of AAV2 consists of two open-reading-frame (ORF) cassettes flanked 
by inverted terminal repeat (ITR) sequences. In the typical genome depiction, the left ORF cassette codes for 
four non-structural Rep proteins (Rep 78, Rep 68, Rep 52, and Rep 40), which are responsible for AAV DNA 
replication, transcriptional regulation, site-specific integration and packaging of DNA into the capsid2–5. The 
right ORF cassette codes for three capsid proteins VP1, VP2 and VP3 (VP proteins) with apparent molecu-
lar masses of 87 kDa, 73 kDa, and 62 kDa, respectively6. These proteins, which only differ in their N-terminus, 
are produced by alternative splicing and leaky scanning from one reading frame to achieve a molar ratio of 
VP1:VP2:VP3 = 1:1:107. VP3 is the main structural protein and can form VP3-only capsids8. The right ORF 
cassette also codes in a different reading frame for the assembly-activating protein (AAP), which promotes capsid 
assembly by increasing capsid protein stability and VP-VP interactions9,10. The AAP of AAV2 (AAP2) also plays a 
role in transporting the capsid proteins to the nucleolus for assembly11. Notably, while the capsids of AAV4, AAV5 
and AAV11 can assemble without AAP, the other AAV serotypes from 1–12 including AAV2 critically require 
AAP to form capsids12.

Virus-like particles (VLPs) assemble from structural proteins of viruses. They lack a genome and are thus 
non-replicating particles. In recent years, these particles attracted great interest for targeted therapeutic deliv-
ery and vaccination13–15. Previous studies showed that AAV empty capsids produced in HEK-293 cells can be 
modified to present epitopes for vaccination16,17. Moreover, the concept of AAV VLP production using a yeast 
expression system was introduced18.
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AAV vectors have had increasing successes in recent clinical gene therapy trials. Among the AAV sero-
types, AAV2 is a preferred model and its clinical suitability is highlighted by the approval as a vector in the drug 
Luxturna (Voretigene neparvovec) for the treatment of patients with an inherited form of vision loss by the Food 
and Drug Administration (FDA)19. Moreover, the drug Glybera (Alipogene tiparvovec) based on AAV1 was 
approved by the European Medicines Agency (EMA) in 201220 and Zolgensma (Onasemnogene abeparvovec) 
based on AAV9 was approved by the FDA in 201921. Mammalian cell (HEK-293) or insect cell (Sf9) based systems 
are the two most commonly used methods to produce rAAV. Despite their success, they also pose disadvan-
tages. HEK-293 cell culture is difficult to scale, specifically when using adherent cells, post-translational modi-
fications of rAAV lead to charge heterogeneity22, and foremost process- and product-related impurities occur23. 
Production in Sf9 cells has drawbacks related to the genetic instability of baculovirus stocks during the expansion 
phase, the difficulty to produce infectious AAV particles with a correct capsid protein ratio and the requirement 
to remove baculoviruses and its components24,25.

A rising number of therapeutic AAV applications requiring high AAV vector doses, such as tumor therapy26, 
present a challenge to current production methods. Clinical trials report dosing of 1012–1013 AAV genome copies 
per kg of body weight for liver transduction gene therapy27 and about 1014 genome copies/kg for targeting organs 
without porous capillary networks28 thus reaching acceptable cost limits of current production techniques. In this 
light, the less expensive host yeast has been explored for production. However, low vector yields hinder commer-
cial deployment29. The production of AAV empty capsids in bacteria could be the first step of a new strategy for 
rAAV production, if later in vitro encapsidation of genomes becomes possible.

E. coli, the most important host for molecular biology, has been used successfully for the production of 
virus-like particles13,14. Notably, although distant from the original host, heterologous production of pri-
mate erythroparvovirus 1 (human parvovirus B19) and canine parvovirus VLPs, which also belong to family 
Parvoviridae, has been described in E. coli30,31.

With the long-term perspective to develop a novel method for rAAV production based on a prokaryotic host 
and the short-term goal to study AAV VLPs production in bacteria and analyze epitope presentation, we estab-
lished AAV VP expression in E. coli and subsequent VLP formation. High-level expression of AAV2 VP3 capsid 
protein in E. coli and, for the first time, chemically-defined, concomitant refolding and assembly of VP3 protein 
into AAV capsids was achieved. Biological functionality of capsids was demonstrated by anti-capsid ELISA and 
imaging of cellular uptake.

Results
Expression and purification of VP3 proteins.  AAV2 VP3 wild type (VP3wt) protein is known to form 
VP3-only capsids8. Hence, the codon usage of the VP3wt gene was optimized for E. coli and cloned as a synthetic 
gene into a pET vector downstream of a T7 promoter without an additional tag (Fig. 1a). We tested different 
expression conditions in shake flasks with the BL21(DE3) host, such as temperature (37 °C, 25 °C and 18 °C), OD 
at induction (OD600 of 0.6, 1.5 and 2.5) and duration of cultivation after induction (6 h, 18 h) to obtain soluble 
protein. However, only inclusion bodies were obtained due to suspected folding problems and growth-limiting 
effects of VP3wt protein to E. coli. Another expression system, which was subsequently evaluated, with a weaker 
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Figure 1.  Expression of VP3wt protein in E. coli. (a) Schematic representation of VP3wt protein expression 
constructs downstream of a T7 promoter. Either a His-tag coding sequence was incorporated at the aa 587 
coding position or a TEV_cleavage_site-His-tag coding sequence was cloned 3’ of the VP3wt gene. (b) 
Coomassie stained SDS-PAGE of VP3wt expression; lane 1, protein standard; lane 2, whole-cell protein of E. coli 
BL21(DE3) before induction; lane 3, whole-cell protein 18 h post-induction with IPTG; lane 4, soluble fraction 
of intracellular protein 18 h post-induction; lane 5, insoluble fraction of intracellular protein. (c) Western blot 
analysis; lane 1–4, samples corresponding to lane 2–5 (b) detected with B1 antibody. (d) SDS-PAGE of VP3wt 
protein after IEX purification. The black vertical line divides two different crops of the same gel. Full-length gels 
and blot are presented in Supplementary Fig. S1a–c.
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lac promoter and E. coli RV308 as host also yielded inclusion bodies (Supplementary Fig. S1d). Consequently, 
we settled with overexpression with the T7 system in inclusion body form at 18 °C and induction of expression at 
an OD600 of 1.5 for 18 h (Fig. 1b, lane 5). The identity of the VP3 protein was confirmed by Western blot analysis 
using the antibody B1. Interestingly, in addition to a strong band at the expected size of VP3wt (theoretical mass 
60.06 kDa), the B1 antibody identified four weaker and smaller bands. This suggests that VP3wt is unstable during 
expression (Fig. 1c, lane 2 and lane 4). Capsid proteins were then solubilized under denaturing condition (8 M 
Urea) and purified by denaturing anion-exchange chromatography (IEX). SDS-PAGE analysis of purified protein 
showed a major protein band at about 60 kDa which is in agreement with the theoretical mass of VP3wt (Fig. 1d). 
The purified protein yield with one degradation band around 50 kDa was around 10 mg per liter of culture with 
an estimated final purity of the correct-mass protein of 79% (by SDS-PAGE).

Assembly and characterization of VLPs.  We used VP3wt proteins in denaturing buffer as the starting 
material for refolding and concomitant in vitro assembly to VLPs. In other studies, capsid formation from dena-
tured protein was initiated by the removal of denaturant30,32. To test this strategy, the VP3wt sample, which was 
concentrated and re-buffered in denaturing buffer with 5 M guanidine/HCl and 1 mM DTT as reducing agent, 
was dialyzed against PBS buffer containing 0.2 mol/l L- arginine at different pH conditions (pH 6, pH 7.5, pH 8.5, 
and pH 9). Significant amounts of VP3wt protein precipitated at pH 6 and pH 7.5. At pH 8.5 and pH 9, however, 
precipitation decreased. At these pH values, after removal of aggregates by centrifugation and filtration, the yield 
of soluble protein was around 36% at pH 8.5 and 70% at pH 9. Since particles aggregated when going back to the 
neutral pH (Supplementary Fig. S1e), the samples were used at pH 9 for further characterization.

First, the presence of VLPs and/or their intermediate forms was analyzed by dynamic light scattering (DLS) at 
pH 9. The dialyzed VP3wt sample showed a mean hydrodynamic diameter of 37.7 nm and a polydispersity of 0.22 
indicating homogeneity and the assembly of VLPs (Fig. 2a). Note that the hydrodynamic size is always greater 
than the physical size, and that this result is consistent with the hydrodynamic size of rAAV measured by DLS 
from other reports (34.4 nm or 38.2 nm)33,34.

Next, the VP3wt VLP conformation was assessed by ELISA with the A20 monoclonal antibody (mAb), 
which only binds to assembled AAV2 capsids35. Parallel to the A20 antibody, we also used a recombinant A20 
single-chain Fv fragment Fc fusion antibody variant (A20 scFv-Fc) cloned in our lab and produced in HEK-293 
cells (K. Teschner et al., in preparation). The ELISA signals indicated correctly assembled VLPs (Fig. 2b). We 
compared the ELISA result to a sample of rAAV2 with known capsid concentration and estimated the ratio of 
correctly assembled particles to be 1 VLP per 5000 theoretical VLPs based on VP3wt concentration (i.e. protein 
concentration divided by 60). The total yield from 0.23 mg denatured protein was 5 × 109 correctly assembled 
VLPs in 1.5 ml.

The physical size and height profile of the particles were measured by atomic force microscopy (AFM). 
Recombinant AAV2 produced in HEK-293 cells was used for comparison. The shape and diameter of rAAV2 and 
VP3wt VLPs were similar, spherical and around 22 nm in diameter (Fig. 2c–f), which is expected for AAV36. In 
the AFM images of the in-vitro assembly also particles of a smaller diameter and higher-order aggregates were 
observed (Supplementary Fig. S2b).

Cellular uptake of VP3wt VLPs.  We used HeLa cells to evaluate cellular uptake and thereby biological 
activity of VP3wt VLPs, as these cells are known to have a high density of AAV2’s primary receptor heparan 
sulfate proteoglycan37. In this experiment, HeLa cells were incubated with rAAV2 or VP3wt VLPs, fixed, per-
meabilized and the A20 antibody as well as a fluorescent scondary antibody (red fluorescent signal) were added 
for detection with fluorescence microscopy (Fig. 3). No red fluorescent background signal was seen in the buffer 
control treated with the detection antibody (Fig. 3a). The distribution of rAAV2 was shifted towards the nucleus 
(Fig. 3b), while VP3wt VLPs were widely distributed in the cytoplasm, potentially in endosomes (Fig. 3c). We 
attribute this to the known nuclear translocation role of VP1, however, most of rAAV2 particles were still located 
in the cytoplasm after 2 h. This result indicates that VP3wt VLPs are biologically active and can internalize into 
cells.

Effect of AAP2 on in vitro assembly.  AAP2 plays a critical role in AAV2 assembly. To investigate the 
impact of AAP2 on the production of AAV2 VLPs in vitro, we expressed AAP2 in E. coli. For the purpose of 
detection and purification, we added a C-terminal His-tag (Fig. 4a), as a modification at this position does not 
interfere with AAP function38. As for VP3, we tested various expression temperatures, such as 37 °C, 25 °C and 
18 °C, to acquire AAP2 in soluble form. At 18 °C, AAP2 was expressed as a soluble protein, however, most pro-
teins degraded during expression (Supplementary Fig. S5). Therefore, we settled with an inclusion body pro-
duction at 37 °C and convenient purification by immobilized metal ion affinity chromatography (IMAC) under 
denaturing condition (Fig. 4b). Under these conditions, AAP was stable. We observed an apparent molecular 
weight of AAP2 of about 28 kDa, which is consistent with AAP2 produced in HEK-293 cells12. AAP2 was then 
added to the in-vitro assembly reaction in the presence of 5 M guanidine with VP3wt:AAP2 ratios of 1:2 or 2.5:1 
and the refolding and assembly was performed as described. After dialysis, analysis by ELISA revealed that even 
though VP3wt can form capsids on its own, AAP2 enhanced the in-vitro assembly (Fig. 4c). Specifically, at a 
ratio of VP3wt:AAP2 of 1:2, the ELISA signal of VLP particles was 1.9 times greater than that of the VP3wt-only 
assembly reaction. This suggests that the yield of in vitro assembly increases in the presence of AAP2.

Surface modification but not C-terminal extension is compatible with capsid antibody A20 mAb 
detection.  Incorporation of peptides into the capsid is an important strategy in AAV retargeting39 and also 
gains interest in vaccine development16,17. To evaluate the effect of small peptide insertions on in vitro assembly, 
we chose two sites for modification. We genetically incorporated either a tag containing a TEV protease cleavage 
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site followed by a His-tag at the C-terminus (VP3 CTTEVHis6) or a His-tag into the 587-loop (VP3 587His6) of 
VP3wt protein (Fig. 5a,e). The two sites were previously described to tolerate insertions in vivo39,40. We found 
that neither insertion of the tag at the C-terminus nor the 587-loop affected protein expression in E. coli. In vitro 
assembly of both modified proteins formed VLPs according to DLS and AFM measurements (Fig. 5b,c,f,g).

In ELISA, the anti-capsid A20 antibody did recognize VP3 587His6 particles as did the A20 scFv-Fc recombi-
nant antibody construct (Fig. 5d) indicating wt-identical VLP assembly. Interestingly, ELISA results also showed 
that the A20 monoclonal antibody did not bind to VP3 CTTEVHis6 VLPs although particles were present 
(Fig. 5h). In contrast, the A20 scFv-Fc readily recognized VP3 CTTEVHis6 VLPs. These findings suggest a more 
flexible binding mode of this antibody construct. The results show that the 587-loop of VP3 is a potential position 
for capsid modification of particles assembled in a chemically-defined reaction.
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Figure 2.  Characterization of VP3wt VLPs. (a) Size distribution of VP3wt VLP determined by DLS at pH 9.0. 
(b) ELISA probed with anti-intact-capsid AAV2 antibodies (A20 mAb or A20 scFv-Fc); samples were rAAV2 
particles (1.6 × 109 particles/ml) and VP3wt VLPs (50 µg/ml). (c,d) AFM images of rAAV2 and VP3wt VLPs, 
respectively. Scale bars are 100 nm. (e) AFM height profiles of rAAV2 and VP3wt VLPs. (f) Box plot of the size 
distribution of rAAV2 particles and VP3wt VLPs determined by AFM (n = 9, mean ± SD, box from first to third 
quartile, cross median marker). Full AFM images are presented in Supplementary Fig. S2a,b.

https://doi.org/10.1038/s41598-019-54928-y


5Scientific Reports |         (2019) 9:18631  | https://doi.org/10.1038/s41598-019-54928-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Discussion
AAV emerged as the most prominent candidate for gene therapy approaches. However, the several steps of AAV 
capsid assembly still remain unclear. AAV assembly has been proposed to occur in two steps. Empty capsids form 
and are then filled with its single-stranded DNA genome5. Hence, production of empty capsids from E. coli might 
not only help to elucidate the AAV biology aspect in capsid assembly, but also provide a feasible strategy for future 
AAV production. Production of rAAV2 capsids in vitro was first reported by Steinbach et al.41. The group used 
the recombinant baculovirus strategy to separately express and purify capsid proteins. AAV2 capsids then formed 
only in the presence of HeLa cell extract. In our study, capsid proteins were produced in E. coli and capsids formed 
in a chemically defined assembly reaction. To our knowledge, this is the first experimental evidence for true in 
vitro, cell-free assembly of AAV capsids.

E. coli remains one of the most attractive hosts to produce recombinant proteins because of well-established 
protocols and low cost. Due to the high level of expression in E. coli, heterologous proteins tend to aggregate 
and form inclusion bodies with a lack of biological activity. For proteins that can be refolded in vitro, however, 
especially for toxic or unstable proteins or proteins with potential protease activity, inclusion body formation can 
be advantageous due to the high volumetric yield and easy purification42. In addition, viral particles forming in 
E. coli might encapsidate bacterial polymers, such as DNA or RNA, which are then difficult to remove and not 
desired for human application. In our study, VP3 protein expression blocked E. coli growth at physiological tem-
peratures and no useful amounts of VP3 were obtained in soluble form even at low temperatures. However, VP3 
was effectively expressed in inclusion bodies and subsequently easily purified by a one-step purification, either 
IEX or IMAC. This was our preferred method. We confirmed the presence of VP3 during expression with the B1 

untreated rAAV2 VP3wt VLPs

a b c

Figure 3.  Fluorescent microscopy images of internalization. HeLa cells were incubated with either (a) medium, 
(b) rAAV2 (3 × 104 particles/cell) or (c) VP3wt VLPs (final concentration of 50 µg/ml) at 37 °C. After 2 h, cells 
were fixed, permeabilized and stained with the A20 antibody followed by a DyLight 594 conjugated secondary 
antibody (red) as well as with DAPI (blue) and imaged with a 40 × objective. Scale bars are 10 µm. Full images 
are presented in Supplementary Fig. S3.

ba

c
AAP2T7 promoter

His6-tagATG MW
kDa

46

32

25

1 2 3 4

22
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Ab
so

rb
an

ce
 a

t 4
05

 n
m

  

Figure 4.  Impact of AAP2 on in vitro assembly. (a) Schematic representation of AAP2 expression construct. A 
His-tag coding sequence was added 3′of the AAP2 gene. (b) Coomassie SDS-PAGE; (1) protein standard; (2) 
insoluble fraction of intracellular protein before purification; (3) IMAC purified protein; (4) Western blot of the 
insoluble fraction detected with anti-His-tag antibody. (c) ELISA after in vitro assembly using the same final 
protein concentration (50 µg/ml) with different ratios of VP3wt:AAP2. Full-length gel and blot are presented in 
Supplementary Fig. S4.
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antibody, which recognizes a C-terminal epitope of VP335. Next to the major VP3 band, additional lower molecu-
lar weight bands were detected in Western blots. We suppose that VP3 is proteolytically degraded, possibly by an 
intrinsic protease activity as found in AAV2 particles43, or cleaved by E. coli proteases.

In vitro assembly of icosahedral VLPs is a complex process, which depends on various factors such as tem-
perature, pH, ionic strength and the presence of additives30,31,41. In the current study, we used PBS containing 
0.2 M L- arginine with different pH values to optimize the assembly reaction. L- arginine aids to form VLPs in 
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Figure 5.  The effect of incorporation of a small peptide, either into the 587-loop or at the C-terminus of VP3wt, 
on in vitro assembly. (a,e) Representations of VP3wt protein structure (PDB ID: 1LP3) with highlighted 587-
loop and C-terminus. (b,f) DLS size distribution of VP3 587His6 VLPs (35.7 ± 7.5 nm) and VP3 CTTEVHis6 
VLPs (35.9 ± 5.5 nm). (c,g) AFM images of VP3 587His6 VLPs and VP3 CTTEVHis6 VLPs. Scale bars are 
100 nm. (d,h) ELISA of modified VLPs using either A20 mAb or A20 scFv-Fc antibody for detection. Full AFM 
images are presented in Supplementary Fig. S2c,d.
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vitro due to its ability to increase protein solubility and prevent aggregation of intermediate forms44. In previous 
studies, the pH showed significant impact on in vitro assembly of VLPs31,32. In the present study, the majority of 
VP3wt protein precipitated at pH 6 and pH 7.5. This can be explained with the theoretical isoelectric point of VP3 
of pH 6.40 (ProtParam Expasy Webtool) to 6.88 (Geneious R9 Software). To enhance the solubility of particles, 
we chose basic conditions with pH 8.5 and pH 9 for further study. We found a suitable assembly condition to 
be PBS containing 0.2 M L- arginine at pH 9. This indicates that charge plays a significant role during in vitro 
assembly. Furthermore, VP3wt contains five free cysteines, some located in proximity and at the inter-protein 
interface45, which likely need to get buried during folding and assembly to avoid oxidation and/or crosslinking. 
This is particular critical for the thiolate anions present at levels above pH 8. We used DTT as reducing agent in 
the denaturing buffer but not the dialysis buffer. Keeping a reducing agent for the first dialysis steps might further 
reduce aggregation.

We characterized our assembly results by DLS and observed an average diameter in line with the expected 
hydrodynamic diameter. AFM imaging (Figs. 2c,d; 5c,g) showed particles with proper shape and diameter. In 
addition, we found other particles with a smaller diameter, which we attribute to assembly intermediates. The 
mechanism of capsid assembly of icosahedral virus is known to involve the formation of intermediate forms, 
and our observation correlates with those obtained for in vitro production of other icosahedral capsids30,46. Also, 
larger structures are visible, which might have formed during the drying procedure on the mica support.

VP3wt assembled capsids were also confirmed by ELISA, for which we used the well-established A20 antibody 
that specifically recognizes a conformational epitope on the AAV2 capsid exterior35. Additionally, we routinely 
used an A20 single-chain Fv-Fc variant for capsid detection, which gave comparable results. However, the struc-
tural requirement seemed to be less strict.

AAV2 binds to permissive cells using heparan sulfate proteoglycan (HSPG)47 and then a universal AAV recep-
tor, which was identified with high-affinity to multiple AAV serotypes including AAV248. These receptor-virus 
interfaces all lie within the VP3-only capsid. After attachment to the cell membrane, AAV2 internalizes by 
receptor-mediated endocytosis. Endosomal escape and nuclear entry, the next steps in infection, are attributed to 
the VP1 capsid protein49,50. Therefore, VP3wt VLPs should be able to enter cells that express the corresponding 
receptors but should not be able to translocate to the nucleus. We show that 2 h after transduction with the given 
buffer conditions, VP3wt VLPs internalized and distributed granular in the cytosol without nuclear preference, 
which is compatible with expectations of endosomal confinement. rAAV2 from mammalian production showed 
a similar appearance albeit with a shift towards the nucleus. These observations are consistent with a previously 
described distribution of rAAV2 and rAAV2 with deleted VP1 after infection of HeLa cells51, which supports the 
finding of biological activity of our VLPs. Further work will elucidate the internalization pathway of the particles.

Moreover, our study provides evidence that AAV2 VP3 proteins can form capsids in vitro, even in the com-
plete absence of AAP2. AAP2 likely acts as a chaperone and/or a scaffold that directly or indirectly binds the 
lumenal surface of VP proteins and plays a role in VP stability and in VP oligomerization during assembly10,52. 
However, the exact mode of action of AAP2 in AAV2 assembly remains unclear. Our initial results of AAP2-free 
assembly agree with the previous report from Steinbach at al.41, although the authors of this study used HeLa 
cell extract for assembly. Here, by using a chemically defined reaction, we present direct evidence that the abil-
ity to form a capsid is entirely a property of VP3. To further investigate the role of AAP2 in capsid assembly, 
we expressed it in E. coli as inclusion bodies. Subsequent addition of solubilized AAP to our assembly reaction 
resulted in a 1.9-fold increase of mAb A20 positive particles over the AAP2-free assembly reaction. Although 
the complexity of the experiment provides a challenge for interpretation, the result indicates that AAP2 directly 
aides in capsid assembly, next to its before described function in VP stabilization by inhibition of proteasomal, 
lysosomal or autophagosomal degradation and nuclear translocalization10,11.

Finally, we explored possibilities to assemble capsids from modified VP3 proteins. Our loop and C-terminal 
insertions did not interfere with in vitro assembly as detected by DLS and AFM and gave VLP yields comparable 
to that of wild type VP3. As the capsid is known to tolerate these modifications in vivo39,40,53, our result hints 
that the in-vitro assembly process in general reflects the cellular process. Since the loop-region is exposed on the 
capsid surface, this opens the possibility to produce VLPs with modified tropism. Furthermore, these modified 
VLPs could be used to display functional proteins and act as antigen carriers for vaccination as described before 
for other virus particles14,15. However, we note that VLPs with VP3 C-terminal modification were detectable only 
by the A20 scFv-Fc, but not by the monoclonal IgG3-class A20 antibody. The broader binding of the single-chain 
construct can possibly be attributed to its general structural flexibility, allowing binding of slightly distorted cap-
sids. One group found that a VP3 C-terminal His-tag is compatible with biological function40 and another found 
that the tag interferes with capsid assembly in vivo54. From our data, we can conclude that a C-terminal His-tag 
is compatible with forming particles, which are very similar in shape and diameter to wt capsids, but show subtle 
structural differences revealed by A20 mAb recognition.

In summary, the current study shows that AAV2 VP3 proteins can be expressed in E. coli, and that these 
proteins are able to form AAV2 capsids in a defined in-vitro reaction. This work provides a tool to assess capsid 
assembly of AAV under controlled conditions. At the same time, it opens the door for in vitro AAV capsid pro-
duction with wide applications in vaccine development, cellular delivery of small-molecule drugs and possibly 
genetic payloads in gene therapy. Further studies will improve the assembly yield and elucidate the mechanisms 
of in vitro assembly.

Methods
Expression and purification of proteins.  VP3wt was expressed in E. coli BL21(DE3) from a chemically 
synthesized, codon-optimized sequence (GeneArt/ThermoFisher Scientific, gene and amino acid sequence given 
in Supplementary Information subsection 2.1 and 2.2) inserted into the NdeI and XhoI sites of pET24b (Novagen/
Merck). Transformed E. coli was cultured in LB medium containing Kanamycin (50 µg/ml) at 37 °C to an OD600 of 
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1.5, then isopropyl β-D-thiogalactopyranoside (IPTG) was added to a concentration of 0.4 mM, and the culture 
was incubated at 18 °C for additional 18 h. Cells were harvested at 5,000 × g, 4 °C for 15 min. Pelleted cells were 
re-suspended in a lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8) supplemented with 1 mg/ml lysozyme 
and lysed by sonication on ice (Branson Sonifier 250 with micro tip, power setting 70%, constant duty, 10 cycles, 
30 s each). The recombinant proteins formed inclusion bodies, therefore, cell debris and inclusion bodies were 
collected by centrifugation at 10,000 × g, 4 °C for 20 min. The inclusion bodies were washed three times with lysis 
buffer. The remaining pellet was solubilized in ion-exchange chromatography (IEX) buffer A (20 mM Tris-HCl, 
8 M Urea, pH 8). A 2 ml Q Sepharose resin (GE Healthcare) packed column was equilibrated with IEX Buffer 
A. The column was then loaded with sample and washed with IEX Buffer A. Bound proteins were eluted with a 
gradient of IEX Buffer B (20 mM Tris-HCl, 1 M NaCl, 8 M Urea, pH 8). Fractions containing target proteins were 
collected and concentrated with centrifugal filter units with a 30 kDa molecular weight cut-off. In this step, the 
buffer was changed to another denaturing buffer (5 M GuHCl, 20 mM Tris-HCl, 0.15 M NaCl, 1 mM EDTA, 1 mM 
DTT, pH 8).

Other VP3 constructs were designed to additionally code for either a TEV protease cleavage site-His6-tag 
fused to the C-terminus or a His6-tag at the amino acid position 587 (gene and amino acid sequences given 
in Supplementary Information subsection 2.3 to 2.6). The protein expression methods were used as described 
above. Protein AAP2 was also constructed into vector pET24b with a His6-tag at the C-terminus. This protein was 
expressed with 0.4 mM IPTG induction at 37 °C for 4 h and purified by immobilized metal-ion affinity chroma-
tography (IMAC). Briefly, a column with 2 ml of Ni-NTA Agarose (Macherey-Nagel) was equilibrated with IMAC 
buffer A (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 8 M Urea, pH 8), then sample was loaded and 
washed with five column volumes of IMAC buffer A containing 7% IMAC buffer B (50 mM NaH2PO4, 300 mM 
NaCl, 250 mM imidazole, 8 M Urea, pH 8). Afterwards, bound proteins were eluted with 100% IMAC buffer B.

SDS-PAGE and western blot.  Samples of protein were separated on a 12% polyacrylamide (12% T, 0.4% 
C) with a 4% collection gel, followed by semi-dry transfer to nitrocellulose membranes (88018, ThermoFisher 
Scientific, 0.45 µm). After blocking with 10% (w/v) non-fat dry milk (Applichem) in TBS buffer (500 mM 
Tris-HCl, 1.5 M NaCl, pH 7.5), the membranes were incubated 1 h at room temperature with either anti-AAV 
VP1/VP2/VP3 mouse monoclonal, B1 antibody (1: 100 dilution) (Progen) for detecting VP3 proteins or 
anti-His-tag antibody (Tetra·His, Qiagen) for detecting AAP2 protein. Detection was achieved using anti-mouse 
antibody coupled to horseradish peroxidase (Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP, 1: 2500 
dilution) (31430, ThermoFisher Scientific), SuperSignal™ West Pico PLUS Chemiluminescent Substrate (34580, 
ThermoFisher Scientific) and a Fusion FX camera system (Vilber).

In vitro assembly of VLPs.  Capsid assembly was carried out by dialyzing 1.5 mL of VP3 proteins (0.15 mg/
mL) in solubilization buffer five times against 100 mL of phosphate buffered saline (PBS) (500 mM NaCl, 100 mM 
KCl, 10 mM Na2HPO4, 10 mM KH2PO4, pH 9) containing 0.2 M L- arginine, at 4 °C, changing buffer every 12 h 
over a 60-h period. To investigate the effect of AAP2 on in vitro assembly, purified VP3 protein (0.15 mg/ml) 
was mixed with a varying concentration of purified AAP2 (a VP3:AAP2 ratio of 1:2 or 2.5:1). Afterwards, capsid 
assembly was performed as mentioned above.

DLS, AFM Characterization of VLPs.  Dynamic light scattering (DLS) was performed on a DynaPro99 
(Wyatt Technology) instrument. Samples were filtered through 0.22 µm PVDF syringe filters (Millipore) and 
centrifuged at 18,000 × g for 30 min before measurement. Measurements for each sample were averages of at least 
20 acquisitions.

Atomic Force Microscopy (AFM) measurements of rAAV2 and VLPs were carried out using a Multimode 8 
AFM (Bruker) with Tap300Al-G cantilevers (BudgetSensors) in tapping mode in air. Samples after filtration and 
centrifugation were spotted onto freshly cleaved mica and incubated for one minute. The mica was then briefly 
rinsed with water and dried under a gentle nitrogen flow. The analysis of the AFM images was performed with 
Gwyddion 2.49 software. The diameter of visualized particles was measured at half maximum particle height. The 
rAAV used as control was provided by K. Teschner and was produced using a three plasmid system in HEK-293 
cells and purified by affinity chromatography.

ELISA.  VLPs were detected by ELISA with anti-AAV2 (intact particle) mouse monoclonal, A20 antibody or 
its single-chain derivative A20 scFv-Fc. MaxiSorp 96 well-plates (Nunc) were coated with VLPs (50 µg/ml) or 
rAAV2 (1.6 × 109 AAV2/ml) for 1 h at 37 °C and afterwards blocked with 0.8% BSA for 1 h. Samples were incu-
bated with A20 antibody (Progen, 1: 250 dilution), or A20 scFv-Fc (produced by our working group, 1: 250 dilu-
tion, manuscript in preparation) for another 1 h at 37 °C. Anti-mouse-HRP (31430, ThermoFisher Scientific) or 
anti-human-HRP (ThermoFisher Scientific) (1: 2000, 1 h incubation at 37 °C) was used for detection. Following 
every incubation step, the plate was washed three times with 0.05% Tween in blocking buffer. Lastly, samples 
were developed with 1 g/L 2,2′-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS), and 
optical density was measured by a microplate reader (BioTek) at 405 nm.

Cellular uptake of VP3wt VLPs.  To study cellular uptake of VLPs, HeLa cells were seeded on 
poly-L-lysine-coated 12-mm glass coverslips placed in a 24-well plate at a density of 3 × 104 cells/well in DMEM 
10% FCS and allowed to adhere overnight. Then, VP3wt VLPs (50 µg/ml, estimated 1.4 × 104 particles/cell) and 
rAAV2 (3 × 104 particles/cell) were added and incubated for 2 h. Following three washes with PBS, cells were 
fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then permeabilized with 0.2% 
Triton X-100 in PBS buffer for 5 min. Afterwards, the permeabilized cells were blocked in 1% BSA in PBS buffer 
for 30 min at room temperature. The cells were incubated with primary antibody (A20 antibody, Progen (1:40)) 
overnight at 4 °C, followed by incubation with the second antibody (Goat anti-Mouse IgG (H + L) Secondary 
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Antibody, DyLight 594, 35510, ThermoFisher Scientific (1:500)) for 1 h at room temperature. After three washes 
in PBS, the cells were incubated in 10 µM 4′,6-diamidino-2-phenylindole (DAPI) for 10 min at room temperature. 
Coverslips were then mounted on glass slides with mounting medium (Mowiol-Dabco) and cells were imaged on 
a Leica DMI6000 B microscope.
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1 Supplementary figures 

 

Supplementary Figure S1: Full-length gels and blots. (a), (b), (c) correspond to Fig. 1b, c, d in the manuscript. 

The red rectangles indicate cropped parts of the gels and blot. (d) Western blot analysis of VP3wt expression 

using plasmid pAK100 in E. coli RV308 at 18oC and 37oC; lane 1, whole-cell protein of E. coli RV308 post-induction 

with IPTG at 18oC; lane 2, insoluble fraction of intracellular protein post-induction with IPTG at 18oC; lane 3, 

soluble fraction of intracellular protein post-induction with IPTG at 18oC; lane 4, whole-cell protein of E. coli 

RV308 post-induction with IPTG at 37oC; lane 5, insoluble fraction of intracellular protein post-induction with 

IPTG at 37oC; lane 6, soluble fraction of intracellular protein post-induction with IPTG at 37oC. (e) Non-reducing 

and reducing SDS-PAGE of particles at pH 9 and samples after changing from pH 9 to pH 7.4 (before and after 

removal of aggregates); lane 1, protein standard; lane 2, particles at pH 9 in non-reducing condition; lane 3, 4, 

samples after change from pH 9 to pH 7.4, before and after removal of aggregates by centrifugation in non-

reducing condition, respectively; lane 5, particles at pH 9 in reducing condition, lane 6 and 7, samples after 

changing from pH 9 to pH 7.4, before and after removal of aggregates by centrifugation in reducing conditions, 

respectively. We assume that the significant disulfide crosslinking seen in the gel occurs during sample boiling in 

SDS under non-reducing conditions.  
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Supplementary Figure S2: Atomic force micrographs of (a) rAAV2, (b) VP3wt VLPs, (c) VP3 587His6 VLPs (c) and 

(d) VP3 CTTEVHis6 VLPs. The scale bars indicate 200 nm. (a), (b) correspond to Fig. 2c, d in the manuscript; (c), 

(d) correspond to Fig. 5c, g in the manuscript. The black squares indicate cropped parts of the images. 
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Supplementary Figure S3: Fluorescent microscopy of HeLa cells treated with rAAV2 or VP3wt VLPs. (a) 

untreated; (b) rAAV2; (c) VP3wt VLPs. All images show the overlay of rAAV2 or VP3wt VLPs (red) and nuclei (blue) 

channels. The scale bars indicate 25 µm. (a), (b), (c) correspond to Fig. 3a, b, c in the manuscript. The red squares 

indicate cropped parts of the images. 

 

 

Supplementary Figure S4: Full-length gel and blot of AAP2 expression in E. coli at 37oC. (a), (b) correspond to 

Fig. 4b in the manuscript. The red rectangles indicate cropped parts of the gel and blot. 
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Supplementary Figure S5: (a) Expression of AAP2 in E. coli at 18oC. The AAP2-degraded bands were detected 

by anti-His tag antibody. (b), (c) Full-length blots of AAP2 expression in E. coli at 18oC. The red rectanglels indicate 

cropped parts of the blots. 

 

2 VP3 sequences 

2.1 VP3wt coding sequence 

ATGGCAACCGGTTCAGGCGCGCCAATGGCAGATAATAATGAAGGTGCAGATGGTGTTGGTAATAGCAGCGGT

AATTGGCATTGTGATAGCACCTGGATGGGTGATCGTGTTATTACCACAAGCACCCGTACCTGGGCACTGCCGA

CCTATAATAACCATCTGTATAAACAAATTAGCAGCCAGAGCGGTGCAAGCAATGATAATCATTATTTTGGTTAT

AGCACCCCGTGGGGCTATTTTGATTTTAATCGTTTTCACTGCCATTTCAGTCCGCGTGATTGGCAGCGTCTGATT

AATAACAATTGGGGTTTTCGTCCGAAACGCCTGAACTTTAAACTGTTTAATATCCAGGTGAAAGAAGTGACCCA

GAACGACGGCACCACCACCATTGCAAATAATCTGACCAGCACCGTTCAGGTTTTTACCGATAGCGAATATCAGC

TGCCTTATGTTCTGGGTAGCGCACATCAGGGTTGTCTGCCACCGTTTCCGGCAGATGTTTTTATGGTTCCGCAG

TATGGTTATCTGACCCTGAATAATGGTAGCCAGGCAGTTGGTCGTAGCAGCTTTTATTGTCTGGAATATTTTCC

GAGCCAGATGCTGCGTACCGGTAATAACTTTACCTTTAGCTATACCTTTGAGGATGTGCCGTTTCATAGCAGCT

ATGCACATAGCCAGAGCCTGGATCGTCTGATGAATCCGCTGATTGATCAGTATCTGTATTATCTGAGCCGTACC

AATACACCGAGCGGTACAACCACACAGAGCCGTCTGCAATTTAGTCAGGCAGGCGCAAGCGATATTCGTGATC

AGAGCCGTAATTGGCTGCCTGGTCCGTGTTATCGTCAGCAGCGTGTTAGCAAAACCAGCGCAGATAACAATAA

CAGCGAATATAGTTGGACCGGTGCCACCAAATATCATCTGAATGGTCGTGATAGCCTGGTTAATCCGGGTCCT

GCAATGGCCAGCCATAAAGATGATGAAGAAAAATTCTTTCCGCAGAGTGGCGTTCTGATTTTTGGTAAACAGG

GTAGCGAAAAAACCAACGTGGATATCGAAAAAGTGATGATCACCGATGAAGAAGAGATTCGTACCACCAATC

CGGTTGCGACCGAACAGTATGGTAGCGTTAGCACCAATCTGCAACGTGGTAATCGTCAGGCAGCAACCGCAG

ATGTTAATACCCAGGGTGTTCTGCCTGGTATGGTTTGGCAGGATCGTGATGTTTATCTGCAAGGTCCGATTTGG

GCAAAAATTCCGCATACCGATGGTCATTTTCATCCGAGTCCGCTGATGGGTGGTTTTGGTCTGAAACATCCGCC

TCCGCAGATTCTGATTAAGAATACTCCGGTTCCGGCAAATCCGAGCACCACCTTTAGCGCAGCAAAATTTGCCA

GCTTTATTACCCAGTATAGTACCGGTCAGGTTAGCGTTGAAATTGAATGGGAACTGCAAAAAGAAAACAGCAA

ACGTTGGAATCCGGAAATTCAGTATACCAGCAACTATAACAAAAGCGTGAACGTGGATTTTACCGTGGATACC

AATGGTGTTTATAGCGAACCGCGTCCGATTGGCACCCGCTATCTGACACGTAATCTGTAA 
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2.2 VP3wt amino acid sequence 

MATGSGAPMADNNEGADGVGNSSGNWHCDSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYF

GYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTSTVQVFTDSEY

QLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSY

AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAGASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEY

SWTGATKYHLNGRDSLVNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQY

GSVSTNLQRGNRQAATADVNTQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIK

NTPVPANPSTTFSAAKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTNGVYSEPRPI

GTRYLTRNL 

2.3 VP3 587His6 coding sequence 

the 587-loop insertion of His6 is in boldface 

ATGGCAACCGGTTCAGGCGCGCCAATGGCAGATAATAATGAAGGTGCAGATGGTGTTGGTAATAGCAGCGGT

AATTGGCATTGTGATAGCACCTGGATGGGTGATCGTGTTATTACCACAAGCACCCGTACCTGGGCACTGCCGA

CCTATAATAACCATCTGTATAAACAAATTAGCAGCCAGAGCGGTGCAAGCAATGATAATCATTATTTTGGTTAT

AGCACCCCGTGGGGCTATTTTGATTTTAATCGTTTTCACTGCCATTTCAGTCCGCGTGATTGGCAGCGTCTGATT

AATAACAATTGGGGTTTTCGTCCGAAACGCCTGAACTTTAAACTGTTTAATATCCAGGTGAAAGAAGTGACCCA

GAACGACGGCACCACCACCATTGCAAATAATCTGACCAGCACCGTTCAGGTTTTTACCGATAGCGAATATCAGC

TGCCTTATGTTCTGGGTAGCGCACATCAGGGTTGTCTGCCACCGTTTCCGGCAGATGTTTTTATGGTTCCGCAG

TATGGTTATCTGACCCTGAATAATGGTAGCCAGGCAGTTGGTCGTAGCAGCTTTTATTGTCTGGAATATTTTCC

GAGCCAGATGCTGCGTACCGGTAATAACTTTACCTTTAGCTATACCTTTGAGGATGTGCCGTTTCATAGCAGCT

ATGCACATAGCCAGAGCCTGGATCGTCTGATGAATCCGCTGATTGATCAGTATCTGTATTATCTGAGCCGTACC

AATACACCGAGCGGTACAACCACACAGAGCCGTCTGCAATTTAGTCAGGCAGGCGCAAGCGATATTCGTGATC

AGAGCCGTAATTGGCTGCCTGGTCCGTGTTATCGTCAGCAGCGTGTTAGCAAAACCAGCGCAGATAACAATAA

CAGCGAATATAGTTGGACCGGTGCCACCAAATATCATCTGAATGGTCGTGATAGCCTGGTTAATCCGGGTCCT

GCAATGGCCAGCCATAAAGATGATGAAGAAAAATTCTTTCCGCAGAGTGGCGTTCTGATTTTTGGTAAACAGG

GTAGCGAAAAAACCAACGTGGATATCGAAAAAGTGATGATCACCGATGAAGAAGAGATTCGTACCACCAATC

CGGTTGCGACCGAACAGTATGGTAGCGTTAGCACCAATCTGCAACGTGGTAATCATCATCACCATCATCATCG

TCAGGCAGCAACCGCAGATGTTAATACCCAGGGTGTTCTGCCTGGTATGGTTTGGCAGGATCGTGATGTTTAT

CTGCAAGGTCCGATTTGGGCAAAAATTCCGCATACCGATGGTCATTTTCATCCGAGTCCGCTGATGGGTGGTTT

TGGTCTGAAACATCCGCCTCCGCAGATTCTGATTAAGAATACTCCGGTTCCGGCAAATCCGAGCACCACCTTTA

GCGCAGCAAAATTTGCCAGCTTTATTACCCAGTATAGTACCGGTCAGGTTAGCGTTGAAATTGAATGGGAACT

GCAAAAAGAAAACAGCAAACGTTGGAATCCGGAAATTCAGTATACCAGCAACTATAACAAAAGCGTGAACGT

GGATTTTACCGTGGATACCAATGGTGTTTATAGCGAACCGCGTCCGATTGGCACCCGCTATCTGACACGTAATC

TGTAA 

2.4 VP3 587His6 amino acid sequence 

MATGSGAPMADNNEGADGVGNSSGNWHCDSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYF

GYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTSTVQVFTDSEY

QLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSY

AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAGASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEY

SWTGATKYHLNGRDSLVNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQY

GSVSTNLQRGNHHHHHHRQAATADVNTQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHPSPLMGGFGLKH
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PPPQILIKNTPVPANPSTTFSAAKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTNG

VYSEPRPIGTRYLTRNL 

2.5 VP3 CTTEVHis6 coding sequence 

the C-terminal extension is in boldface 

ATGGCAACCGGTTCAGGCGCGCCAATGGCAGATAATAATGAAGGTGCAGATGGTGTTGGTAATAGCAGCGGT

AATTGGCATTGTGATAGCACCTGGATGGGTGATCGTGTTATTACCACAAGCACCCGTACCTGGGCACTGCCGA

CCTATAATAACCATCTGTATAAACAAATTAGCAGCCAGAGCGGTGCAAGCAATGATAATCATTATTTTGGTTAT

AGCACCCCGTGGGGCTATTTTGATTTTAATCGTTTTCACTGCCATTTCAGTCCGCGTGATTGGCAGCGTCTGATT

AATAACAATTGGGGTTTTCGTCCGAAACGCCTGAACTTTAAACTGTTTAATATCCAGGTGAAAGAAGTGACCCA

GAACGACGGCACCACCACCATTGCAAATAATCTGACCAGCACCGTTCAGGTTTTTACCGATAGCGAATATCAGC

TGCCTTATGTTCTGGGTAGCGCACATCAGGGTTGTCTGCCACCGTTTCCGGCAGATGTTTTTATGGTTCCGCAG

TATGGTTATCTGACCCTGAATAATGGTAGCCAGGCAGTTGGTCGTAGCAGCTTTTATTGTCTGGAATATTTTCC

GAGCCAGATGCTGCGTACCGGTAATAACTTTACCTTTAGCTATACCTTTGAGGATGTGCCGTTTCATAGCAGCT

ATGCACATAGCCAGAGCCTGGATCGTCTGATGAATCCGCTGATTGATCAGTATCTGTATTATCTGAGCCGTACC

AATACACCGAGCGGTACAACCACACAGAGCCGTCTGCAATTTAGTCAGGCAGGCGCAAGCGATATTCGTGATC

AGAGCCGTAATTGGCTGCCTGGTCCGTGTTATCGTCAGCAGCGTGTTAGCAAAACCAGCGCAGATAACAATAA

CAGCGAATATAGTTGGACCGGTGCCACCAAATATCATCTGAATGGTCGTGATAGCCTGGTTAATCCGGGTCCT

GCAATGGCCAGCCATAAAGATGATGAAGAAAAATTCTTTCCGCAGAGTGGCGTTCTGATTTTTGGTAAACAGG

GTAGCGAAAAAACCAACGTGGATATCGAAAAAGTGATGATCACCGATGAAGAAGAGATTCGTACCACCAATC

CGGTTGCGACCGAACAGTATGGTAGCGTTAGCACCAATCTGCAACGTGGTAATCGTCAGGCAGCAACCGCAG

ATGTTAATACCCAGGGTGTTCTGCCTGGTATGGTTTGGCAGGATCGTGATGTTTATCTGCAAGGTCCGATTTGG

GCAAAAATTCCGCATACCGATGGTCATTTTCATCCGAGTCCGCTGATGGGTGGTTTTGGTCTGAAACATCCGCC

TCCGCAGATTCTGATTAAGAATACTCCGGTTCCGGCAAATCCGAGCACCACCTTTAGCGCAGCAAAATTTGCCA

GCTTTATTACCCAGTATAGTACCGGTCAGGTTAGCGTTGAAATTGAATGGGAACTGCAAAAAGAAAACAGCAA

ACGTTGGAATCCGGAAATTCAGTATACCAGCAACTATAACAAAAGCGTGAACGTGGATTTTACCGTGGATACC

AATGGTGTTTATAGCGAACCGCGTCCGATTGGCACCCGCTATCTGACACGTAATCTGGGTCAGTTTTATCTGAA

TGAACATCATCACCATCATCATTAA 

2.6 VP3 CTTEVHis6 amino acid sequence 

MATGSGAPMADNNEGADGVGNSSGNWHCDSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYF

GYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTSTVQVFTDSEY

QLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSY

AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAGASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEY

SWTGATKYHLNGRDSLVNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQY

GSVSTNLQRGNRQAATADVNTQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIK

NTPVPANPSTTFSAAKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTNGVYSEPRPI

GTRYLTRNLGQFYLNEHHHHHH 
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or validation. Moreover, visualizing the distribution of many variants 
while preserving spatial context will offer insights into AAV biology, 
which can include entry mechanisms as well as cell- and tissue-type 
associated expression.

156.	 SMRT Sequencing Allows High-
Throughput Analysis of a Whole Capsid 
Shuffled AAV Capsid Library Following CNS 
Selection in Mice and NHPs
Widler Casy1, Xin Chen1, Thomas Dong1, Yuhui Hu1, 
Mohammed Kanchwala1, Chao Xing1, Stephen Braun2, 
Bruce Bunnell2, Steven Gray1

1Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX,2Tulane 
National Primate Research Center, New Orleans, LA

The outcomes from AAV capsid engineering efforts since its discovery 
have been both encouraging and promising, but it remains a major 
challenge to engineer AAVs that are seamlessly compatible across 
mouse and non-human primate (NHP) species. The use of AAV 
variant libraries coupled with various selection strategies has become 
an increasingly useful strategy to generate novel AAV variants with 
enhanced properties. However, analysis of capsids recover post-
selection has been hampered by the inability to accurately sequence 
the entire capsid gene in a high-throughput manner. As a result, many 
library approaches are shifting to small changes in the capsid such as 
peptide insertions or barcodes, which can be sequenced quickly and 
easily. This has restricted the diversity of capsids in libraries, shifting 
the field away from whole capsid shuffled libraries. We suggest that 
this could restrict libraries to select for relatively incremental changes 
in vector tropism. To overcome this and enable the use of whole-
capsid changes to be evaluated, we employed single molecule real-
time (SMRT) sequencing analysis for a high throughput evaluation 
of recovered whole AAV capsid genes. SMRT sequencing has the 
advantage of sequencing the entire capsid gene in a single read with 
high accuracy, enabling sequencing the entire shuffled capsid rather 
than only an insert region or barcode. We hypothesized that paralleled 
AAV whole capsid shuffling and directed evolution in both mice and 
NHPs have the propensity to yield AAVs that are compatible across 
mice and NHPs and that will be serologically distinct from natural 
AAVs. As first steps to test this hypothesis, we have developed a new 
approach which consists of AAV whole capsid shuffling and directed 
evolution in mice and NHPs conducted in parallel. The AAV library 
was subjective to mainly target tissues of the central nervous system 
(CNS) in these animals following intrathecal (IT) injection. SMRT 
sequencing was able to identify over 15 thousand distinct whole 
AAV capsid sequences present in the library. After the first round of 
IT injection of this library in mice, SMRT sequencing analysis of the 
AAV genomes that were recovered post injection showed that 65 new 
capsids were recovered from mouse brain and 31 new capsids were 
recovered from mouse spinal cord. IT injection of this library in NHPs 
revealed that hundreds of unique AAVs from the library were able to 
target the brain while over a thousand unique AAV variants targeted 
the spinal cord. In depth analysis of the sequencing data revealed that 
several of the AAVs that targeted the mouse brain were also able to 
target regions of NHP brain. Currently, we are screening the viruses 
that are present at the highest frequency in mouse and NHP brains 

by packaging them with GFP followed by IT injection in mice. The 
analysis of selected library clones thus far demonstrates the utility of 
SMRT sequencing for high-content screening of whole capsid shuffled 
libraries, which was previously limited to analysis by capsid gene 
subcloning and Sanger sequencing. This approach should expand the 
options for library-based AAV capsid development beyond barcoded 
analysis and/or peptide insertion libraries.

157.	 AAV Capsid Assembly Using Escherichia 
Coli
DINH TO LE
Cellular and Molecular Biotechnology, Bielefeld University, Bielefeld, Germany

Virus-like particles (VLPs) have been used for numerous therapeutic 
applications, especially in vaccination and drug delivery. While 
the recombinant adeno-associated virus (rAAV) has emerged as a 
leading candidate in gene therapy with approved products, rAAV 
production in HEK-293 or insect cells still remains a challenge. We 
established and analyzed AAV VLP production using E. coli cells. 
Such VLPs could be used as a bio-nanoparticles and also serve as a 
starting material for DNA encapsidation for production of rAAV type 
moieties. To do this, first the widely used serotype-AAV2 was chosen. 
The codon usage of the AAV2 VP3, the main structural capsid protein, 
coding gene was optimized, cloned into a pET vector, expressed 
effectively in inclusion bodies in E. coli and purified by ion-exchange 
chromatography. AAV2 VLPs were obtained by a chemically defined 
refolding reaction. Specifically, the purified protein in a denaturing 
buffer with 5 M GuHCl was dialyzed against an assembly buffer 
containing 2 M L-arginine for 60 h. In addition, we also tested for an 
assembly-activating-protein (AAP)-independent AAV serotype. VP3 
capsid protein of AAV serotype 5, the most genetically divergent AAV 
serotype among known 13 human and non-human primate serotypes, 
was successfully expressed in soluble form and able to develop AAV5 
VLPs inside E. coli. The correct formation of AAV2 and AAV5 VLPs 
was confirmed by ELISA with anti-intact-AAV antibodies and imaging 
by atomic force microscopy. The biological transduction functionality 
was confirmed with an internalization assay into human HeLa cells. 
Furthermore, to increase VLP production and assess the effect of AAP 
on capsid assembly, we expressed and purified AAP2 and added the 
protein to the in-vitro assembly reaction of AAV2 VP3. For AAV5 
VLPs, due to the formation of capsid within E. coli, we co-transformed 
AAP5 and AAV5 VP3 genes into E. coli cells using two pET vectors 
harboring different antibiotic resistance genes. The results showed that 
AAP2 directly aided AAV2 VLPs formation and that AAP5 supported 
AAV5 capsid assembly inside E. coli. To our knowledge, this is the first 
report of AAV VLP production within a chemically defined reaction 
or inside E. coli cells. Even though the VLP production needs to be 
optimized in the future, our finding opens an opportunity to explore 
AAV VLPs in biomedical applications and paves the way to investigate 
rAAV production using E. coli.
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similar mean levels of VG and hOTCco mRNA on days 84 and 140 in 
all four groups. These data are consistent with ISH and IHC results. 
Most animals showed positive ELISPOT responses to a capsid peptide 
pool (AAV8-C), with weak, transient responses in PBMCs on day 70, 
and stronger positive response in liver lymphocytes on day 140. Few/
weak ELISPOT responses were observed in the liver to the transgene 
peptide pools and none were observed in PBMCs. In summary, there 
were no apparent differences between female and males cynomolgous 
macaques in immunologic parameters or in DTX301 effectivity.

735.	 AAV Capsid Proteins Fused with SARS-
CoV-2 RBD or RBM: Expression in E. coli, In-
Vitro Assembly, and Characterization
Dinh To Le1, Olaf Behrsing2, Claire Rothschild1, Marco 
T. Radukic1, Katja M. Arndt2, Kristian M. Müller1

1Cellular and Molecular Biotechnology, Bielefeld University, Bielefeld, 
Germany,2Molecular Biotechnology, Institute for Biochemistry and Biology, 
University of Potsdam, Potsdam, Germany

In the current COVID-19 pandemic, the SARS-CoV-2 virus has 
infected over a hundred million people and contributed to millions 
of deaths. The SARS-CoV-2 spike protein, in particular its receptor-
binding domain (RBD) containing the receptor-binding motif (RBM), 
mediates virus binding to the cellular receptor angiotensin-converting 
enzyme 2 (ACE2) and subsequent viral internalization. Therefore, 
RBD and RBM are lead candidates for SARS-CoV-2 subunit vaccine 
development. Virus-like particles (VLPs) have been widely used for 
vaccine development due to their ability to induce a strong immune 
response and adeno-associated virus-like particles (AAV VLPs) 
produced in mammalian cells have been tested as a scaffold for 
presenting antigens. However, mammalian cell culture is expensive 
and particles may contain cellular components. Recently, we reported 
that AAV2 VP3 capsid proteins produced in E. coli can be assembled 
to AAV2 VLPs in vitro. In the current work, we explore the potential 
of in-vitro AAV2 VLPs for coronavirus vaccine development. SARS-
CoV-2 RBD and RBM were incorporated into the 587-loop of AAV2 
VP3 proteins and these fusion proteins were expressed in E. coli using 
T7 promoter (pET) plasmids. The proteins formed inclusion bodies in 
E. coli and were successfully purified under denaturing conditions of 
8 M urea. Refolding and concomitant in vitro assembly of VP3_RBD 
VLPs or VP3_RBM VLPs was attained by serially dialyzing initial 
denatured proteins against different buffers containing 4, 2, 1, 0.5, and 
finally 0 M urea. After dialysis, atomic force microscopy (AFM) of 
AAV2 VP3_RBD and VP3_RBM samples identified particles with the 
expected size. This hints that the incorporation of RBD or RBM into 
the 587-loop is compatible with in vitro AAV2 VLP capsid assembly, 
though irregular aggregates and smaller structures, potentially single 
and intermediate assemblies, were also recorded. In ELISAs, an RBD 
conformation-specific antibody readily recognized coated protein 
samples indicating at least partial correct folding of VP3_RBD. Next, 
mice were immunized and boosted with VP3_RBM and VP3_RBD 
VLPs mixed with adjuvants, and serum was collected at various 
timepoints. The immune response was examined by ELISA with 
coated antigens (VP3_RBD and VP3_RBM VLPs) as well as GFP_RBD 
produced in 293-F cells as a control for SARS-CoV-2 specificity. 
Immunization of mice with the motif VP3_RBM VLPs resulted in a 
high level of the desired RBD-specific antibodies and a low level of VP3 

VLP-directed antibodies. Unexpectedly, the domain VP3_RBD VLPs 
induced a low level of RBD-specific antibodies, but an intermediate 
level of VP3 VLP antibodies. Taken together our data suggest that in 
vitro AAV VLPs bear potential as vaccine scaffolds and that AAV VLP 
production using E. coli lends itself as a versatile strategy for vaccines 
and drug delivery.

736.	 Presence of Pre-Existing Anti-
Adeno-Associated Virus (AAV) Serotype 5 
Neutralizing Antibodies (NABs) in Serum of 
Huntington Disease (HD) Patients Was Not 
Associated with Detectable Anti-AAV5 Nabs in 
Cerebrospinal Fluid (CSF)
Anna Majowicz1, Floris van Waes1, Astrid Valles1, 
Sander van Deventer1, Mette Gilling2, Anka Ehrhardt3, 
Pavlina Konstantinova1, Valerie Sier-Ferreira1

1uniQure N.V, Amsterdam, Netherlands,2Enroll-HD Platform Team, European 
Huntington’s Disease Network (EHDN), University Hospital of Ulm, Ulm, 
Germany,3CHDI Foundation, Princeton, NJ

Background AAV-based therapies are under investigation in early 
clinical trials for several neurodegenerative diseases. We have 
previously reported that serum anti-AAV5 NABs titers up to 340 
in humans and as high as 1030 in primates did not interfere with 
the therapeutic efficacy of intravenously administered AAV5 vector. 
However, it remains unclear whether naturally acquired pre-existing 
systemic immunity to AAV would impact the therapeutic efficacy 
of AAV vectors delivery to the Central Nervous System (CNS). This 
knowledge is of importance for the interpretation of AAV-based gene 
therapies for Huntington Disease (HD), since the blood-brain barrier 
in HD patients might be compromised. To address such concern the 
prevalence of NABs against AAV serotype 5 was correlated between 
matched serum and CSF samples obtained from a same individual, 
either HD patients at different stages of the disease or healthy controls 
participating in HDClarity. Methods Serum and plasma samples from 
HD patients and healthy donors were analyzed for the presence of 
anti-AAV5 NABs with the use of luciferase-based assay. The sensitivity 
(lowest sample dilution) of the assay was set at 50. Consequently, CSF 
samples were obtained from all HD patients and healthy donors that 
tested positive for serum/plasma anti-AAV5 NABs and 3 that tested 
negative (controls) to analyze for presence of CSF anti-AAV5 NABs. 
Results Overall, serum anti-AAV5 NABs were not associated with 
detectable NABs in CSF; remarkably, this was true even in the presence 
of the highest serum titers (5364 in HD patient, 5129 in healthy donor). 
In HD patients, 37 (21.5%) of 172 serum samples had detectable anti-
AAV5 NABs titers; none (0%) of the 37 HD patients had detectable 
anti-AAV5 NABs titers in CSF above threshold. Similarly, in healthy 
controls, 12 (18.2%) of 66 serum samples had a detectable anti-AAV5 
NABs titer; none (0%) of those 12 donors had detectable anti-AAV5 
NABs titers in CSF. Conclusion Pre-existing serum anti-AAV5 
antibodies have not impacted clinical efficacy of intravenous AAV5 
therapies. The current analysis of HDClarity samples suggest patients 
with detectable serum NABs do not have CSF NABs. Therefore, we 
conclude that there is minimal risk for reduced therapeutic efficacy of 
intrathecal or intraparenchymal administration of therapeutic AAV5 
vectors by pre-existing serum or CSF AAV5 NABs in HD patients.
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Abstract: Virus-like particles (VLPs) are increasingly used for vaccine development and drug delivery.
Assembly of VLPs from purified monomers in a chemically defined reaction is advantageous com-
pared to in vivo assembly, because it avoids encapsidation of host-derived components and enables
loading with added cargoes. This review provides an overview of ex cella VLP production methods
focusing on capsid protein production, factors that impact the in vitro assembly, and approaches
to characterize in vitro VLPs. The uses of in vitro produced VLPs as vaccines and for therapeutic
delivery are also reported.

Keywords: capsid protein; in vitro assembly; virus-like particle; VLP-based vaccines; drug delivery

1. Introduction

Virus-like particles (VLPs) are highly structured protein complexes that resemble a
native virus capsid. VLPs typically represent gene-less virus shells but in a wider defi-
nition encompass any type of capsid-derived nanoparticle. VLPs assemble from single
or multiple structural capsid proteins inside appropriate production hosts, which is of-
ten termed in vivo assembly, as the host is seen as a single-cell organism, or in defined,
cell-free conditions, also termed in vitro assembly. VLPs in general can be either enveloped
or non-enveloped [1], whereby in vitro assembly typically leads to protein-only shells.
Due to the lack of viral genomes, these particles are non-replicative but typically retain the
transduction potential of the parental viruses, which may be used for nanoparticle delivery
systems [2].

In vivo-produced VLPs have been exploited for different biomedical applications,
such as vaccines, drug delivery and nanomaterials [3–5]. However, in this production
strategy, capsid proteins are expressed and concomitantly assembled into VLPs inside the host
cells, which may encapsidate host-related contaminations and thus impede VLP use [6,7].

Along with progress in understanding virus assembly requirements, in vitro VLP pro-
duction based on various viruses had been established. For the in vitro assembly, the capsid
proteins are expressed and purified from expression hosts or cell-free protein synthesis sys-
tems (CFPS), or the proteins are obtained from in vivo VLPs via a disassembly procedure.
This avoids trapping host-derived impurities, a potential source for unwanted immune
response. Next, the capsid proteins are incubated under defined chemical conditions which
promote VLP assembly. Compared to the in vivo VLPs, the in vitro technology offers
the possibility to mix different capsid proteins or epitopes within a particle, for example
resulting in a vaccine candidate for different viral genotypes [8,9]. For therapeutic delivery
applications, the in vitro technology also enables the possibility to mix and match as well
as control the amounts of different payloads during the capsid assembly reaction [4].

There are a few literature reviews on VLPs that focus on production [10] and various
applications [3–5,11], but these do not discriminate between in vivo and in vitro VLPs.
Here, we focus on in vitro produced VLPs covering the three domains: capsid-protein
production, in vitro VLP formation and VLP characterization. We report in vitro VLP
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assembly protocols that have been applied in the context of vaccine development and
drug delivery.

2. In Vitro Assembly of Virus-Like Particles (VLPs)
2.1. Capsid Protein Production

To prepare protein monomers for a cell-free capsid assembly under defined and
controllable conditions, viral capsid protein can be obtained either by expression and pu-
rification of non-assembled proteins or via a disassembly procedure from in vivo generated
and purified VLPs. The choice of the hosts for capsid protein expression significantly
affects all further steps. E. coli is a preferred host for high capsid-protein expression [12].
Depending on the viral protein structure and expression method, proteins are either ex-
pressed in soluble form, which is normally favorable for capsid assembly, or as aggregates
forming inclusion bodies within E. coli. To increase the soluble protein yield during expres-
sion, different factors such as the choice of the E. coli strain, expression vector, codon us-
age, expression temperature, induction condition and medium can be optimized [10,13].
Furthermore, tags have been fused to viral protein termini at the genetic level to aid protein
folding and/or purification. Taking into account that the additional tag may interfere with
capsid formation, a protease cleavage site can be added and used prior to assembly [14–16].
If proteins tend to form inclusion bodies in E. coli owing to incorrect folding, this expression
strategy may be exploited with a strong promoter to produce high yields per dry mass and
ease initial purification. The inclusion bodies can be easily separated from the cell debris
and solubilized using strong denaturants like 6 M guanidinium HCl or 6–8 M urea [17–21].

Other favorable hosts for capsid protein production are Sf9 insect cells in combina-
tion with baculovirus vectors and yeast. Both organisms are amenable to scale up and
offer the advantage of eukaryotic post-translational protein modification [22–24]. Lastly,
cell-free protein synthesis systems have also been used to produce viral capsid proteins
in defined transcription/translation reactions. This method allows for a direct control of
capsid protein expression and VLP assembly conditions and enables production of toxic
and insoluble proteins [25–28].

If VLPs assemble spontaneously inside the expression hosts, they may contain un-
desired compounds. To obtain protein subunits from VLPs formed inside the host cell,
different disassembly methods exist. Bacteriophage MS2 VLPs produced in E. coli were
disassembled at low pH, while human papillomavirus (HPV) VLPs obtained from insect
cells were dissociated with carbonate buffer at pH 9.6 [29,30]. Cowpea chlorotic mottle
virus (CCMV) particles assembled in plants were denatured in a neutral buffer with high
salt concentration [31–33]. Urea is commonly used to disassemble the formed VLPs. Bacte-
riophage Qβ VLPs were disassembled in 6 M urea [34], whereas 2.5 M urea were sufficient
to denature hepatitis B core protein (HBc) VLPs [35]. Reducing and chelating agents can
also be used in VLP disassembly [30,36–41].

2.2. Factors Impacting In Vitro Assembly

The capsid self-assembly is driven by Brownian motion and interactions between
subunits as well as subunits and other viral or non-viral components to minimize free
energy in higher structures. The capsid assembly is proposed to occur in three steps. First,
a capsid oligomer nucleus is formed from capsid proteins in the so-called nucleation phase.
Afterwards, building blocks (a protein monomer, or capsid oligomers) are added to the
nucleus during the growth phase. Finally, the last building block is inserted to complete
the capsid [42–44]. The assembly process is complicated and highly dependent on the viral
protein structure and the experimental conditions. Conceptually, VLP formation in the
first place is governed by general rules applicable to protein folding and stability while
considering aggregation [45]. We present here the main factors that affect in vitro assembly
(Figure 1).
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Figure 1. Schematic representation of in vitro virus-like particle (VLP) assembly. Capsid protein production methods,
factors impacting on VLP in vitro assembly and typical methods to characterize VLPs are presented.

2.2.1. pH, Ionic Strength, and Temperature

pH plays an important role for in vitro assembly since it affects the capsid-protein
charge. Most in-vitro assembly reactions were optimized at a physiological pH [15,18,46].
Interestingly, some particles assemble at acidic or alkaline pH. In vitro assembly studies of
CCMV showed that the attraction between capsid proteins was optimal at about pH 5 and
decreased sharply with increasing pH [47]. Rotavirus (RV) VLPs formed in vitro at an acidic
pH [21]. Our in vitro assembly results from adeno-associated virus serotype 2 (AAV2),
however, indicated that an alkaline pH (pH 9) was most suitable to avoid aggregates and
promote VLP formation [19].

Ionic strength is another main factor for capsid assembly in vitro. Salts interact with
charges on the protein surface, influence the water shell, disfavor hydrophobic exposure
and ultimately affect protein stability [48]. To optimize in vitro capsid-assembly reactions,
ionic strength needs to be optimized along with the change of pH [15,18,46], which can be
presented as phase diagrams of the protein assembly [49].

The effect of temperature on the capsid assembly also deserves evaluation. Low tem-
peratures are normally favorable as they reduce protein aggregation and chemical degra-
dation. For example, the in vitro assembly of primate erythroparvovirus 1 (B19) at 4 ◦C
showed a better yield at 4 ◦C than at 37 ◦C [18]. Contrarily, near-physiological tempera-
tures promoted the Rous Sarcoma virus capsid formation in vitro [50]. Another report on
hepatitis virus assembly revealed that subunit exchange with assembled capsid shells was
generally slow but slightly elevated at lower temperature [51].

2.2.2. Nucleic Acids, Scaffolding Protein, and Additives

The in vitro assembly of some capsids was highly influenced by the presence of
nucleic acids. CCMV, a single-stranded RNA virus, is a well-studied model. Garmann et al.
demonstrated that the assembly of CCMV depends on balanced capsid protein (CP)–CP
interactions relative to CP–RNA interactions [52]. Furthermore, a high CP/RNA mass ratio
is required to assemble CCMV VLPs [53]. Recently, CCMV capsid proteins were shown to
encapsidate both single-stranded DNA (ssDNA) in typical spherical assemblies and double-
stranded DNA (dsDNA) in rod-like VLPs [54]. Other RNA viruses also require nucleic acids
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for in vitro assembly. The assembly of Gag proteins into human immunodeficiency virus
(HIV1) VLPs in a defined system was directly supported by RNA [55]. Similarly, the in-
vitro assembly of hepatitis C virus (HCV) nucleocapsid-like particles required structured
RNA as reported by Kunkel et al. [56]. Bacteriophage MS2 was also assembled in vitro in
the presence of nucleic acids [29]. The assembly of beak and feather disease virus (BFDV),
a member of the circular ssDNA circovirus family, is regulated by its ssDNA genomes.
The highly positive charged N-terminal arginine-rich motif of capsid proteins interacted
with ssDNA during in vitro capsid assembly [57]. VLPs derived from simian virus 40
(SV40), a dsDNA virus, also needed DNA for efficient in vitro assembly [58]. Nonetheless,
it should be considered that the additional nucleic acids within the in vitro VLPs might
interfere with VLP applications. For example, nucleic acid can modulate the immune
response by activating pattern recognition receptor (PRR) [6].

Scaffolding proteins are not a component of a mature capsid. These proteins assist
during capsid formation. Providing a scaffolding protein to an in vitro capsid assembly in
many cases increases the yield of fully assembled capsids. Our data on in vitro assembly of
AAV2 showed that the addition of assembly-activating protein (AAP, an AAV scaffolding
protein) helped to improve AAV2 capsid formation [19]. The assembly of different bacterio-
phages was highly dependent on scaffolding proteins, which promoted the polymerization
of the major capsid protein [59–63]. The herpes simplex virus procapsid assembly reaction
from purified major capsid proteins has been reported by Newcomb et al. to require a
scaffolding protein and to form small procapsids at low concentrations of the scaffolding
protein [64].

Small molecule additives can be used to aid capsid assembly. L-arginine improved the
solubility of assembled VLPs by preventing aggregation during protein refolding [19,65].
In a study performed by Lampel et al., chemical chaperones, such as methylamines en-
hanced HIV-1 in vitro assembly [66]. Other reagents can be combined with capsid proteins
during in vitro assembly leading to new hybrid materials. For example, CCMV capsid pro-
teins have been explored in combination with different supramolecular templates. Organo
Pt (II) complexes formed spherical or rod-like structures that were combined with the
capsid proteins to form likewise shaped CCMV VLPs [67]. Micelles and DNA micelles
were packaged inside CCMV VLPs that offer new drug-delivery systems, especially for
hydrophobic drugs [68,69]. Polymers were also incorporated into CCMV VLPs during
in vitro assembly [70,71].

2.3. VLP Characterization

To analyze the formed in vitro VLPs, different biochemical and biophysical methods
can be applied. Standard methods are sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) to determine size and purity, Western blot to confirm the identity,
and ultraviolet (UV) spectroscopy with light scattering compensation, which monitors
amino acids (phenylalanine, tyrosine and tryptophan) and nucleotides with an absorbance
spectrum of about 240–300 nm, to determine concentrations [36,72,73]. Other protein quan-
titation methods, such as the bicinchoninic acid (BCA) assay and Bradford assay have been
also used [18,36,74]. Size exclusion chromatography and dynamic light scattering (DLS)
are widely used to characterize the size of VLPs [19,75–77]. The latter method provides
the heterogeneity of the VLP samples and the mean hydrodynamic diameter of particles,
which is normally greater than the physical diameter. Stability has been assessed using
techniques such as differential scanning fluorimetry [78]. Structural integrity has been
verified by circular dichroism spectroscopy (CD) and Fourier-transform infrared (FT-IR)
spectroscopy [79]. The nucleic–capsid protein interactions have been determined by gel
retardation assay, optical tweezers (OT) and acoustic force spectroscopy (AFS) [53,58].
VLP morphology and possible intermediate aggregates formed during an in-vitro assembly
reaction can be visualized using transmission electron microscopy (TEM) or atomic force
microscopy (AFM). TEM can also be used to distinguish between empty and encapsulated
VLPs [52,59] and AFM can assess the VLP height profile [19,80,81]. A VLP high-resolution
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structure can be determined using Cryo-EM [52] or crystallography [82]. Mass spectrom-
etry has been used to identify VLP composition [76]. If available, an assembled particle
antibody helps to confirm VLP conformation in enzyme-linked immunosorbent assays
(ELISAs) [19].

Understanding capsid self-assembly pathways will help to tailor the mechanisms
of virus infection and replication for therapeutic applications. Different methods have
been used to characterize intermediate assemblies and the assembly pathways of virus
capsids, such as electron microscopy [83–86], X-ray crystallography [57], atomic force
microscopy [57,58,85], small-angle X-ray scattering [87–92], mass spectrometry [93–95],
size-exclusion chromatography [84], resistive-pulse sensing [84,96], interferometric scat-
tering microscopy [97], single-molecule fluorescence correlation spectroscopy [98], optical
tweezers in combination with confocal fluorescence microscopy and acoustic force spec-
troscopy [58,99]. Recently, high-speed atomic force microscopy (HS-AFM), a powerful
single-molecule technique for real-time visualization of biomolecules in dynamic ac-
tion [100], has been used to visualize self-assembly of HIV capsid protein lattice [81].
This physical virology technique will enable real-time capsid assembly studies of other
viruses in the future.

3. Application of In Vitro-Assembled VLPs
3.1. Vaccine Development

VLPs are composed of protein monomer units in a repetitively ordered structure with
a size range of 20–200 nm in diameter that is appropriate for vaccination [11]. VLPs are able
to induce a strong immune response, which was described by Jennings et al. and Mohsen
et al. [6,101]. A VLP derived from a pathogenic virus may be used to elicit an immune
response directly to the parental virus, or function as a scaffold to present heterologous
epitopes. Compared to subunit peptides or proteins, VLPs provide the possibility to
present epitopes in a natural conformation that benefits an anti-viral B- and T-cell immune
response. Moreover, due to the highly repetitive epitope presentation, VLPs can induce
a strong B cell response even without adjuvants [102–104]. Another advantage is that a
foreign epitope can be chemically or genetically incorporated onto the VLP surface, offering
a flexible platform to create different vaccine candidates [105–108].

A few VLP-based vaccines have a long and very successful tradition in the clinic and
recently several new candidates progressed to the clinic. These vaccine candidates have
been produced in vivo or by an in vitro system [3]. Compared to in vivo VLP production,
which potentially may be contaminated with host-derived components resulting in unpre-
dictable immune responses that require an additional quality control effort [6], a cell-free
VLP technology offers better control during production. A list of developed and approved
vaccine candidates is presented in Table 1.

Table 1. In vitro produced VLP-based vaccines on the market or in development.

Vaccine
Candidate Host VLP a

Platform
Vaccine Antigen

Proteins Assembly Method Development
Stage Ref.

Cervarix
(GlaxoSmithKline)

Insect
cell HPV-L1 HPV 16 and 18 L1 Multi-step

purification Approved [109]

Gardasil
(Merck Sharp
and Dohme)

Yeast HPV-L1 HPV 6/11/16/18 L1

VLP disassembly
using

DTT/Reassembly
by DTT removal

Approved [79]

Gardasil-9
(Merck Sharp
and Dohme)

Yeast HPV L1
HPV

6/11/16/18/31/33/45/52/58
L1

VLP disassembly
using

DTT/Reassembly
by DTT removal

Approved [110]

Cecolin®

(Innovax) E. coli HPV L1 HPV16 and 18 L1
Protein purification

and reducing
agent removal

Approved
(China) [8,111]
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Table 1. Cont.

Vaccine
Candidate Host VLP a

Platform
Vaccine Antigen

Proteins Assembly Method Development
Stage Ref.

HPV 9-valent
(Innovax) E. coli HPV L1

HPV
6/11/16/18/31/33/45/52/58

L1

Protein purification
and reducing
agent removal

Phase 2
NCT03935204 [9]

Hecolin®

(Innovax) E. coli HEV p239 HEV truncated E2, 239 a.a. Multi-step
purification

Approved
(China) [78,112–114]

HEV E. coli HEV p495 HEV E2, 495 a.a.

Protein was
dialyzed into

50 mM phosphate
buffer with 0.5 M

NaCl, pH 6.5

Preclinical
evaluation [115]

ENGERIX-
B/Fendrix

(GlaxoSmithKline)
Yeast HBsAg HBV HBsAg Multi-step

purification Approved [116,117]

Recombivax
(Merck Sharp
and Dohme)

Yeast HBsAg HBV HBsAg Multi-step
purification Approved [118,119]

Hepatitis B
Cell-free
synthesis
system

HBcAg HBV truncated HBcAg

30 µL CFPS product
was dialyzed

against 100 mM
HEPES and 200 mM

NaCl, pH 7
1 mL CFPS product

was dialyzed
against 10 mM

BisTris and 0.385 M
NaCl, pH 5.5

Preclinical
evaluation [27]

SARS-CoV-2
(NVX-CoV2373,

Novavax)
Sf9
cell

S-trimer
nanoparticle SARS-CoV-2 Spike

Removal of the
detergent

(TergitolTM NP-9)
during protein

purification

Phase 3
NCT04611802 [77,120]

MERS-CoV and
SARS-CoV
(Novavax)

Sf9 cell S nanoparticle MERS-CoV/SARS-CoV Spike

Removal of
the detergent

(TergitolTM NP-9)
during protein

purification

Preclinical
evaluation [121]

Influenza
(NanoFluTM,

Novavax)
Sf9 cell HA

nanoparticle Influenza virus HA

Removal of
the detergent

(TergitolTM NP-9)
during protein

purification

Phase 1/2
NCT04120194 [122,123]

RSV (Novavax) Sf9 cell F nanoparticle RSV F

Removal of
the detergent

(TergitolTM NP-9)
during protein

purification

Phase 1
NCT03026348 [23,124,125]

RSV E. coli B19 VP2 Two peptides derived from
RSV F

Denatured proteins
in 5 M GuHCl were
dialyzed into PBS
buffer at 4 ◦C for

36 h

Preclinical
evaluation [126]

CPV E. coli CPV VP2 CPV VP2

Fusion proteins
(SUMO tag fused to
capsid protein) were

cleaved by SUMO
protease and
dialyzed into

50 mM Tris-HCl,
150 mM NaCl, pH 7

Preclinical
evaluation [15]

a B19: Erythroparvovirus 1; CPV: Canine parvovirus; HBcAg: Hepatitis B core antigen; HBsAg: the surface antigen of the Hepatitis B virus;
HBV: Hepatitis B virus; HEV: Hepatitis E Virus; HPV: Human papillomavirus; MERS: Middle East respiratory syndrome coronavirus;
RSV: Respiratory syncytial virus; SARS: Severe acute respiratory syndrome coronavirus; SARS-CoV-2: Severe acute respiratory syndrome
coronavirus type 2; HEPES: 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid.
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Human papillomavirus (HPV) is a major cause of cervical cancer and associates with
many human diseases [127]. HPV capsids are composed of two capsid proteins, L1 and
L2, assembled in a T = 7 icosahedral structure (about 60 nm in diameter) [128]. L1 is a
structural protein and able to form HPV VLPs [129]. To date, there are four HPV vaccines
on the market, which use L1-VLP platforms [3].

The HPV vaccine Cervarix, which is manufactured by GlaxoSmithKline and partially
based on technology from MedImmune/AstraZeneca, was approved in 2007 in the Euro-
pean Union (EU) and other countries and 2009 in the USA. It contains two monovalent
antigen bulks of C-terminally truncated versions of the major capsid proteins L1 of either
serotype 16 or 18. The proteins are produced in cells derived from the Trichoplusia ni (Hi-5)
insect cell line with recombinant baculoviruses encoding the L1 proteins. The proteins are
released by osmotic shock and upon a multi-step purification by filtration and chromatog-
raphy the proteins assemble into spherical particles, which are mixed and formulated
with adjuvant. The final product dose contains 20 µg HPV 16 L1 protein, 20 µg HPV 18
L1 protein, 500 µg aluminium hydroxide, 50 µg 3-O-desacyl-4′ -monophosphoryl lipid A
(MPL) and 0.624 mg NaH2PO4·2H2O [109].

The HPV vaccine Gardasil, which is produced by Merck Sharp and Dohme and was
approved in the USA in 2010, contains the HPV L1 protein from serotypes 6, 11, 16, and 18.
The vaccine Gardasil 9 (9-valent vaccine), which was approved in the USA in 2014, addi-
tionally contains the HPV L1 proteins of serotypes of 31, 33, 45, 52, and 58. The proteins
are individually produced in the yeast from Saccharomyces cerevisiae transformed with the
pGAL110 expression vector coding for the respective proteins. Cells are harvested by
filtration, frozen and then VLPs are released by homogenization. For some L1 types (31, 33,
45, 52, 58), a protease inhibitor is added. Purification comprises cross-flow membrane
filtration for debris removal, cation exchange chromatography for host cell protein removal,
and hydoxyapatite chromatography for polishing and enrichment of monodisperse VLPs.
For all but type L1 serotype 18, the VLPs are disassembled using dithiothreitol (DTT) and
reassembled by removing DTT, which improves VLP structure and stability. A final buffer
exchange yields the final aqueous products which are then adsorbed onto the adjuvant
amorphous aluminium hydroxyphosphate sulfate by in-line mixing. The individual prod-
ucts are then mixed by sequentially adding them to a tank with buffer and alum adjuvant,
settling and decanting. The final 0.5 mL aqueous dose Gardasil 9 contains 30 µg L1 6,
40 µg L1 11, 60 µg L1 16, 40 µg L1 18, and 20 µg of L1 31, 33, 45, 52, 58 as well as 500 µg
aluminium (adjuvant as amorphous aluminium hydroxyphosphate sulfate), 9.56 mg NaCl
(for stability), 0.78 mg L-histidine (for buffering), 50 µg polysorbate 80 (for VLP stability and
prevention of aggregation or surface adsorption), 35 µg Na-borate (for buffering) [79,110].

As a biosimilar, the company Innovax produced Cecolin, a bivalent HPV16 and
HPV18 vaccine, by expressing the respective L1 proteins in E. coli and maintaining them
in soluble pentamer form under a reducing condition (20 mM DTT). The HPV VLPs
were formed by removal of the reductant during protein purification [8]. The vaccine
production in E. coli offers a low manufacturing cost and easy scale-up compared to other
licensed products [111]. Similarly, Innovax produced an HPV9-valent vaccine candidate
(HPV 6/11/16/18/31/33/45/52 and 58), which is currently in phase 2 clinical trial [9].
As a result of protein expression in E. coli, lipopolysaccharide (LPS) might contaminate
into VLPs that can enhance immune responses and cause pyrogenic and shock reactions
in mammals. To reduce LPS contamination, different methods, such as size exclusion
chromatography, affinity chromatography, binding to polymyxin and treatment with Triton
X-114 have been used [130].

Hepatitis E virus (HEV), which can be quasi-enveloped, is the most acute hepatitis
cause in both developing and developed countries [131,132]. A 7.5-kb HEV genome
comprises three overlapping open reading frames encapsidated into a T = 3 symmetry
capsid of 27–34 nm in diameter [133,134]. The open reading frame 2 (ORF2) codes for
viral capsid proteins, which were produced in E. coli or insect cells as recombinant HEV
vaccine candidates [135]. Hecolin, a licensed HEV vaccine in China, is an HEV cell-free
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assembly product [113]. p239 truncated capsid protein (239 amino acid (a.a.) of a full-
length capsid protein with 660 a.a.) was obtained from E. coli and assembled into VLPs of
20–30 nm diameter via multiple purification steps [78,112]. Another HEV vaccine candidate
is currently under preclinical evaluation using p495 protein (495 a.a. truncated capsid
protein) expressed in E. coli to form in vitro HEV VLPs [115].

Also surface antigens from enveloped viruses have been used in mostly defined as-
sembly reactions. The surface antigen of the hepatitis B virus (HBV) which causes chronic
infection of about 3.5% world population [136] named HBsAg was recombinantly produced
in yeast. In a first version, the S gene of HBV was cloned in a plasmid and expressed in
Saccharomyces cerevisiae strain DC5. Purification steps comprised cell disruption, diafil-
tration, size exclusion chromatography, ion-exchange chromatography, a CsCl ultracen-
trifugation followed by a final size exclusion chromatography. In the absence of chemical
treatment, HBsAg formed spheres of about 20–22 nm containing non-glycosylated HBsAg
and a lipid matrix consisting mainly of phospholipids [116,117]. This vaccine is marketed
by GlaxoSmithKline as ENGERIX B, which was approved in 1986 in the EU as the first
recombinant vaccine, and with added MPL adjuvant as Fendrix, which was approved in
2005. A similar product also produced in yeast is Recombivax HB from Merck [118,119].
The malaria vaccine Mosquirix from GlaxoSmithKline, which is also named RTS,S/AS01
and was approved in the EU in 2015, is produced by coexpression in yeast of the HBsAg
with a fusion protein of HBsAg with the pre-erythrocytic circumsporozoite protein (CSP) of
the Plasmodium falciparum malaria parasite. In this case, the mixed particles formed already
during expression [137]. Hence, for these multi-subunit particles formed by surface anti-
gens of enveloped viruses, which do not resemble typical capsids but defined aggregates,
the differentiation between in-cell versus in-buffer VLP assembly is fluid. Compared to
in vivo VLPs, the in vitro manufacturing process is defined by additional steps to reassem-
ble VLPs outside the cells. In some cases, a dedicated assembly step is missing, because
the in vitro VLP assembly occurs during steps ascribed to purification (Assembly method,
Table 1). Such combined purification and assembly may reduce downstream processing
costs. In other cases, few mutations may shift assembly between in vivo and in vitro.

Recently, the company Novavax developed the NVX-CoV2373 vaccine candidate
(currently in phase 3 clinical trial) for preventing severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) infection, the virus which spread from China around the globe in
2020 causing the coronavirus disease 2019 (COVID-19) pandemic with millions of infections
and deaths [120,138]. The SARS-CoV-2 spike protein (S protein), which is responsible for
receptor binding and virus entry [139] was expressed in Sf9 insect cells using a baculovirus
expression system. The protein was then obtained from the plasma membranes with a
buffer containing NP-9 detergent. The 27.2 nm nanoparticles, potentially S-trimers an-
chored within polysorbate 80 (PS80) detergent cores, formed during protein purification
and, concomitantly, detergent removal [77]. This strategy was also used to develop vac-
cine candidates against other coronaviruses (SARS, Middle East respiratory syndrome
(MERS)) [121] and other pathogens including Influenza virus [122,123] and respiratory
syncytial virus (RSV) [23,124,125].

Other vaccine candidates with different in-vitro assembly conditions are under preclin-
ical evaluation. The C-terminally truncated hepatitis B core antigen (HBcAg) was produced
using E. coli-based cell-free protein synthesis reaction and assembled into HBV VLPs [27].
The primate erythroparvovirus 1 (B19) VLPs presenting the peptides derived from F pro-
teins of RSV virus were tested as an RSV vaccine candidate. The chimeric proteins were
expressed in inclusion bodies in E. coli, and the VLPs were formed by dialyzing of the
proteins from a denaturing buffer (5 M GuHCl) to PBS buffer [126]. A vaccine candidate
for canine parvovirus (CPV) disease was also produced via an in vitro cell-free reaction.
Xu et al. reported that CPV capsid protein (VP2) fused to a SUMO-tag was acquired from
E. coli in soluble form. The CPV VLPs were developed during SUMO tag removal and
dialysis of the capsid proteins into a physiological buffer [15].



Life 2021, 11, 334 9 of 18

3.2. Therapeutic Delivery

VLPs are attractive candidates to deliver drugs, small molecules or nucleic acids due to
their biocompatibility, biodegradability and targeted delivery [4,140]. Different cargo-loading
strategies have been explored with both in vivo and in vitro VLPs [141]. Here, we focus
on different in vitro packaging approaches, which occur via disassembly/reassembly of
VLPs or during in vitro assembly of purified proteins into VLPs. The in vitro encapsula-
tion mainly relies on the interactions between loading cargoes and viral capsid proteins
and differs among VLPs (Table 2). With small molecules not interfering with the assem-
bly, concentration-dependent stochastic loading by engulfment during assembly is also
feasible [142].

Table 2. In vitro VLP delivery platforms.

VLP a

Platform
Expression

System
Cargo and

Loading Method Targeting Assembly Method Ref.

MS2 E. coli

Chemotherapeutic
drugs (DOX), siRNA

cocktails, protein toxins
Conjugated to RNA

Hepatocellular
carcinoma using

SP94 peptide

VLP disassembly in glacial acetic
acid/Reassembly and packaging:

capsid proteins in 10 mM acetic acid,
50 mM NaCl, pH 4 were incubated

with RNA in 50 mM Tris-HCl
pH 8.5 buffer

[29]

MS2 E. coli
siRNA

Genetic fusion to TR
step loop

HeLa cells using
human transferrin

VLP disassembly in glacial acetic
acid/Reassembly and packaging in

40 mM ammonium acetate,
pH 6 buffer

[143]

MS2 E. coli
Alkaline phosphatase

Electrostatic interaction
to capsid protein

-

VLP disassembly in glacial acetic
acid/Reassembly and protein

packaging in 50 mM Tris, 100 mM
NaCl, 250 mM Trimethylamine

N-oxide buffer

[76]

P22 E. coli

Streptavidin,
Ferritin cages, CelB
Genetic fusion to a

scaffold protein (SP)

-

VLP disassembly in 3 M
GuHCl/Reassembly and protein

packaging by adjusting the mixture of
coat proteins (CP) and fusion proteins
to 1.5 M GuHCl, and dialyzing to the

buffer of 50 mM Tris-HCl, 25 mM
NaCl, 2 mM EDTA, 3 mM

β-mercaptoethanol, 1% glycerol

[144,145]

Qβ E. coli Fluorescent protein
(GFP) -

Qβ VLPs disassembly in 20 mM
Tris-HCl, 50 mM NaCl, 6 M urea,
10 mM DTT, and dialyzed against

10 mM acetic acid and 50 mM
NaCl/Reassembly and GFP

packaging in 50 mM NaCl, 20 mM
Tris-HCl, pH 7.5

[34]

HBc E. coli

DOX
Insertion of hydrophobic

peptide to capsid
protein to confine DOX

Tumor-targeting
peptide RGD

VLP disassembly in 2.5 M urea,
150 mM NaCl, 50 mM

Tris-HCl/Reassembly and DOX
packaging in the buffer of 50 mM

Tris-HCl, 150 mM NaCl, 10% glycerol,
1% glycine, pH 8

[35]

SV40 Sf9

DNA plasmid
(up to 17.7 kb)

Interaction between
capsid protein
and dsDNA

-

VLP disassembly in the presence of
DTT, EDTA, EGTA/Reassembly and

DNA packaging in the buffer
containing MgCl2, CaCl2 (ATP)

[41,146,147]
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Table 2. Cont.

VLP a

Platform
Expression

System
Cargo and

Loading Method Targeting Assembly Method Ref.

JC virus Yeast RNAi IL 10

Purified JC-VLPs were mixed with
shRNA in a capsid buffer (150 mM

NaCl, 10 mM Tris-HCl, 10 mM CaCl2)
then diluted with distilled water

(an osmotic shock)

[148]

HPV
Sf21/
HEK

293 cell

DNA plasmid
(up to 8 kb)

Interaction between
capsid protein
and dsDNA

-

VLP disassembly in the presence of
DTT (EGTA)/Reassembly and DNA
packaging in the buffer containing

CaCl2, (ATP)

[37–39]

CCMV Plant
ssDNA, dsDNA

Electrostatic interaction
to capsid protein

-

VLP disassembly in 5× assembly
buffer (250 mM Tris-HCl containing
250 mM NaCl, 50 mM KCl, 25 mM
MgCl2, pH 7.2)/Reassembly and
DNA packaging by adding the

mixture of capsid protein and DNA
to 1× assembly buffer

[54]

CCMV Plant/
E. coli

siRNA, mRNA,
Enzyme (HRP)

Electrostatic interaction
to capsid protein

FOXA1 using
siRNA

VLP disassembly in the high salt
concentration, neutral pH

buffer/Reassembly and cargoes
packaging by dialyzing to the first

assembly buffer (50 mM Tris pH 7.2,
50 mM NaCl, 10 mM KCl, 5 mM

MgCl2, 1 mM DTT), then the second
buffer (50 mM NaCH3COO, 8 mM

Mg(CH3COO)2, pH 4.5)

[31–33]

CMV Plant

DNA, protein,
fluorophore

Electrostatic interaction
with capsid protein

-

VLP disassembly by
LiCl/Reassembly and packaging by
dialyzing against an assembly buffer
(20 mM Tris-HCl, 80 mM KCl, 1 mM

DTT, 1 mM MgCl2, pH 7.2)

[149]

CCMV E. coli
DOX

Conjugated to
capsid proteins

Cancer cells using
folic acid

Purified proteins were dialyzed to the
buffer of 0.1 M NaCH3COO,

0.1 M NaCl, pH 4.8
[150]

MPyV E. coli
GFP, m-Ruby3 protein

Genetic fusion to
capsid protein

-

Purified proteins-linked capsomeres
were dialyzed to 20 mM Tris,

0.5 M (NH4)2SO4, 1 mM CaCl2,
5% glycerol buffer

[75]

RV E. coli
DOX

Conjugated to
capsid protein

Hepatoma cells
using

lactobionic acid

Purified, denatured capsid proteins
(in urea) were dialyzed to

CH3COOH/CH3COONa buffer
at pH 4.5

[21]

SV40 Sf9

Magnetic nano-particles
(MNPs)

Electrostatic interaction
between capsid protein

and MNPs

EGF receptor

VP1 capsid proteins of SV40 were
produced in Sf9 cells, pentamers were

purified and assembled around
magnetic nano-particles in MOPS

buffer (20 mM MOPS-NaOH,
150 mM NaCl, 2 mM CaCl2, pH 7.0)

[151]

SV40 E. coli

Quantum dots (QDs)
Direct association

between His-tag in VP1
protein and Zn2+ on the

QDs surface

-

VP1 capsid proteins with a His-tag
were produced in E. coli, purified VP1
pentamers and QDs were mixed and
dialyzed against an assembly buffer

(10 mM Tris-HCl, 1 mM CaCl2,
250 mM NaCl, 5% glycerol, pH 7.2)

[152]
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Table 2. Cont.

VLP a

Platform
Expression

System
Cargo and

Loading Method Targeting Assembly Method Ref.

BMV Plant
Gold nanoparticles

Electrostatic interaction
with capsid protein

-

Purified BMV proteins and gold
particles were mixed in TKM buffer

(10 mM Tris-HCl, 1 M KCl, 5 mM
MgCl2, pH 7.4 and dialyzed against
an assembly buffer (50 mM Tris-HCl,

50 mM NaCl, 10 mM KCl, 5 mM
MgCl2, pH 7.4), then against SAMA

buffer (50 mM NaOAc, 8 mM
Mg(OAc)2, pH 4.5)

[153]

RRV E. coli
Gold nanoparticles

Electrostatic interaction
with capsid protein

-

Purified capsid proteins and
functionalized GNPs were mixed and
dialyzed against an assembly buffer

(20 mM Tris-HCl, 50 mM NaCl,
10 mM KCl, 5 mM MgCl2, pH 7.4)

[154]

a BMV: Brome mosaic virus; CCMV: Cowpea chlorotic mottle virus; CMV: cucumber mosaic virus; HBc: Hepatitis B core; JC: John Cunning-
ham virus/human polyomavirus 2; MPyV: Murine polyomavirus; MS2: Bacteriophage MS2; P22: Bacteriophage P22; Qβ: Bacteriophage
Qβ; RRV: Ross River virus; RV: Rotavirus; SV40: Simian virus 40; DOX: doxycycline; EDTA: ethylenediaminetetraacetic acid.

During protein expression, some capsid proteins tend to assemble VLPs inside the
hosts. To remove potential host-related impurities and encapsulate cargoes, the disassem-
bly and reassembly of VLPs are needed. The use of bacteriophage MS2 VLPs in cargo
delivery was reported by different groups. Generally, MS2 capsid proteins were produced
and formed 27.5 nm MS2 VLPs in E. coli. The VLPs were subsequently purified and dis-
assembled in glacial acetic acid. Since MS2 VLPs are able to reassemble and encapsulate
negatively charged cargoes in vitro at neutral pH, drugs, proteins or siRNA were loaded
into the capsids for therapeutic delivery [29,76,143]. Targeting peptides were covalently
linked to the capsid surfaces to specifically deliver the drugs to cells presenting the cognate
receptor [29,143]. With a similar approach, Douglas et al. described a method to package
a protein inside bacteriophage P22, which was performed by mixing of the cargo protein
fused to a scaffold protein and bacteriophage P22 capsid proteins in a mild denaturing
condition buffer (1.5 M GuHCl), followed by dialysis against a neutral buffer [144,145].
Another bacteriophage, Qβ has been used to encapsidate a fluorescent protein [34].
Hepatitis B core protein (HBc) VLPs were also exploited for drug delivery. The HBc
VLPs assembled in E. coli, were denatured with urea, and reassembly and drug encapsula-
tion was achieved by dialysis of the denatured proteins with a neutral buffer. The RGD
peptide was genetically incorporated to HBc VLPs to target tumors [35]. In vitro VLPs
were also explored in gene delivery. SV40 and HPV VLPs were produced in insect or
mammalian cells. The particles were disassembled in the presence of reducing and chelat-
ing agents, DNA plasmids were then packaged inside the VLPs and delivered to target
cells [37–39,41,146,147]. Human polyomavirus 2 (JC) VLPs produced in yeast have been
used to deliver RNAi, which was loaded via an osmotic shock [148].

CCMV VLPs are widely tested for therapeutic delivery due to their pH-dependent
capsid assembly [155]. CCMV VLPs were produced in plant cells, the particles were then
disassembled in a high-salt concentration buffer at neutral pH. Reassembly and packaging
followed by adding cargoes and dialyzing into an acidic buffer (at pH 4.5–4.8) [31–33],
which can be used to package RNA replicons [156], or a neutral buffer which has been used
with DNA cargoes [54]. CCMV VLPs were also produced using E. coli by expressing soluble
capsid proteins, followed by purification and assembly in the presence of cargoes. To target
subcutaneous cancers, folic acid (FA) was conjugated to CCMV capsid proteins [32,150].
Other VLPs obtained by in-vitro assembly were also tested for loading and drug delivery.
Murine polyomavirus (MPyV) capsomeres fused to a desired protein were expressed
in E. coli and the purified capsomeres were dialyzed resulting in the formation of VLPs
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containing the guest protein for delivery [75]. Zhao et al. described a method to deliver the
chemotherapy drug doxorubicin (DOX) using rotavirus (RV). RV structural protein VP6
formed inclusion bodies during expression in E. coli, and the protein was then purified
under denaturing condition (8 M urea). DOX was conjugated to denatured VP proteins
and the assembly of VLPs occurred during protein dialysis into a low pH buffer [21].

For diagnostic purposes such as magnetic resonance imaging (MRI), magnetic nanoparti-
cles can also be coated with capsid proteins and additionally endowed with a targeting func-
tion. VP1∆C589, VP1wt or VP1N138C of SV40 were produced in Sf9 cells and pentamers were
purified and assembled around magnetic nano-particles in MOPS (3-Morpholinopropane-
1-sulfonic acid) buffer. The latter two particles were crosslinked with epidermal growth
factor (EGF) for the targeting of EGFR expressing cells using heterobifunctional crosslinkers
with N-hydoxysuccinimide and maleimide groups [151]. Similarly, SV40 VLPs produced
in E. coli have been used to encapsulate quantum dots for imaging [152]. Brome mosaic
virus (BMV) and Ross River virus (RRV) particles were also explored for medical imaging.
The purified capsid proteins were mixed with functionalized gold nanoparticles (GNPs)
and dialyzed against an assembly buffer. The encapsulation was regulated by the electro-
static interactions between capsid proteins and gold nanoparticles, followed by the capsid
protein–capsid protein interactions [153,154].

4. Conclusions

VLPs have been widely exploited for vaccine development and therapeutic delivery
with success in the clinic and promising preclinical evaluations. In vitro VLP production
technology has emerged as a versatile technology besides the in vivo method. The forma-
tion of VLPs under controllable and defined conditions enables the technology to create
multi-vaccine candidates by combining different antigens within a particle while avoid-
ing the unpredictable immune response related to possible host-related contaminations.
In vitro assembly of VLPs also offers a feasible tool to control the packaging amount and
cargo components for therapeutic delivery.

In vitro VLP assembly is a complex process and differs among viral capsids. Even though
many in-vitro VLPs have been produced, it is still unclear whether all virus capsids are
amenable to ex cella production. Many factors need to be optimized for each candidate
to assemble VLPs in vitro, improve assembly yields, and enable large-scale production.
Cell-free protein synthesis in combination with in vitro VLP assembly bears potential for
the generation of various synthetic biology products at a smaller scale. In vitro VLPs have
been widely used as VLP-based protein vaccines. When in vitro nucleic acid encapsidation
becomes more accessible, in vitro VLPs might also become an efficient and safe technology
for vector VLP vaccines, which deliver an antigen-coding sequence, or for gene therapy
vectors for treating diseases. Also for other therapeutic delivery strategies, recent advances
provided mostly a proof of concept. Further work is needed to fully tap the potential of
in vitro VLPs, but the future looks bright.
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