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Fig.4  - PCR of target insertions 

1% agarose gel of PCR products. These are the epitopes that we wish to display on the 

VLP surface with L2 being the HPV minor capsid protein, Atx is the anthrax protective 

antigen, Atx(r) is the protective antigen with random flanking sequence, V3 is HIV 

derived loop antigen, and FLAG epitope is an engineered marker.   All PCR products 

were designed to be inserted into the p2P7K32 plasmid. 
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Fig.5A Restriction digest and extraction 
 1% agarose gel of Bam HI/Kpn I cut amplified PCR products and vector.  p2P7K3 

serves as a control to verify proper vector digestion.    

 

Fig.5B Restriction digest and extraction 
arose gel of Bam HI/Kpn I cut amplified PCR products and vector, post gel isolation.  

PCR products were later ligated to the p2P7K32 vector. 
 

 

 

After the isolation and subsequent ligation, it was important to verify that there 

was in fact proper insertion of the PCR product into the vector and that actual capsids are 

formed.  Ligation products were chemically transformed into E.coli pRZP7 CSH41F- 

cells.  These cells contain the translational repression reporter plasmid (15) that allows 

            L2   Atx(r)    Atx  V3  FLAG   p2P7K32 p2P7K3 
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for a clear and simple blue white screen for functional coat protein activity. Coat proteins 

normal function is to act as a translational repressor by binding the ribosome-binding site 

in the viral replicase and of course to act as the subunits of the viral capsule (16-19).  

With a lac Z gene as a reporter, copies of viral coat protein with proper and functional 

folding will inhibit expression of the lac gene and yield white growth colonies. Misfolded 

coat protein will not stop the expression of lac and the subsequent colonies will be blue 

when plated on X-gal media.  All five clones gave predominately white colonies, 

indicating that the insertions were accepted and still allowed for proper coat protein 

folding and function.  

To confirm our constructions were correct, plasmids were isolated and digested 

with Bam HI and Kpn I to further verify that the new plasmids showed a proper frame 

shift based upon their antigen insertion (fig. 6).  Those with the correct frame shift were 

subjected to sequence analysis at DNA services at the University of New Mexico.  The 

resulting sequence analysis that showed epitope insertion into the coat protein was correct 

for all the samples except the first and sixth lane of V3 and the first lane of FLAG. This 

indicated that our plasmid construction was correct and we could advance with VLP 

formation and purification.  

  

 

 

 

  

L2 Atx(r) 



 
 

 
 

21 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Fig.6   Restriction digest of minipreps     
1% agarose 50mM potassium phosphate gel of plasmid minipreps digested with Bam 

HI/Kpn I compared against p2P7K32 cut with the same restriction enzymes.  All but a 

few of the lanes show a proper frame shift of the samples against the vector (two lanes 

incorrect in V3 and one in FLAG). 

 

 

We assessed the presence of VLPs in lysates of cells expressing the recombinant 

coat proteins. White colonies for each antigen were grown overnight at 37°C in 1ml of 

LB media.  Then the samples were lysed and run on a 1% agarose gel containing 50mM 
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potassium phosphate. Ethidium bromide staining detected RNA-containing VLPs (fig. 

7A).  A western blot using anti-PP7 polyclonal sera was also conducted to verify that 

these bands contained viral coat protein (fig. 7B). Both assays indicated that all five 

recombinant coat proteins formed VLPs.  It is important to note that for the random 

anthrax insertion (Atx(r)) there was heterogeneity in the migration of VLPs, reflecting  

the heterogeneity of VLPs with different surface charges.  

 

A B

Fig. 6A 1% agarose 50mM potassium phosphate gel of capsid RNA for the L2, Atx(r), Atx, V3, and FLAG VLPs.  

L2 L2

Fig. 6B Western blot of L2, Atx(r), Atx, V3, and FLAG protein.

Atx(r) Atx(r)

Atx AtxV3 V3 FLAGFLAG
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Fig 7A. Phosphate gel electrophoresis of VLPs 

1% agarose 50mM potassium gel of capsid RNA for L2, Atx(r), Atx, V3, and FLAG 

VLPs. 

Fig 7B. Western blot of VLPs 

Western blot of L2, Atx(r), Atx, V3, and FLAG protein.  

 

 

 

 

  

3.2 Growth and purification of VLPs 

Now that it had been adequately determined that the cloning had yielded 

functional plasmids that contained the proper insertions and formed VLPs, we made 

larger stocks of VLPs. 100ml overnight E.coli cultures were lysed and sonicated, and 

subsequent PP7 VLP stocks were then purified by column chromatography on Sepharose 

CL4B (19).  The collected fractions were subjected to agarose gel electrophoresis to 

identify the VLP associated RNA (fig. 8A). The same fractions were also run on a 17% 

SDS-PAGE gel to identify the viral coat protein (fig. 8B).  Figure 8 shows these results 

for the L2 antigen only, the other antigen data is not shown. As shown, VLPs are in 

fractions 15-31, which is consistent with migration of wild-type PP7 VLPs on the 

Sepharose column.  These fractions containing VLPs were collected, pooled, and 

concentrated by ammonium sulfate precipitation. 

 

 



 
 

 
 

24 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

A 

B 

   CT  15  17  19  21  23  25  27  29  31   

   15    17    19    21    23    25    27    29    31 



 
 

 
 

25 

 

 

 

 

 

 

 

 

3.3 Peptides displayed on PP7 VLPs are exposed to the immune system 
and are immunogenic  

The next step was to see if the VLPs we had created displayed the peptides we 

had inserted on the VLP surface. The first test involved coating plates with 500 ng of 

FLAG PP7 VLPs, HPV L2 PP7 VLPs, or wild-type PP7 VLPs and then probing the 

VLPs with monoclonal antibodies against either the FLAG epitope (M2) or the L2 

epitope (RG-1).  There should be little cross reactivity between either the M2 or RG-1 

(10) monoclonal and the non-matching PP7 VLPs.  Binding of the monoclonal antibody 

was detected using a horseradish peroxidase-labeled goat anti-mouse IgG secondary 

antibody, followed by development with ABTS.  Figure 9 shows that the peptides are 

displayed correctly and on the surface of the VLP and are recognized by the appropriate 

monoclonal antibodies. It is clear that the antigens are presented well on the AB-loop 

structure and that there is high specificity between the peptide and monoclonal antibody.  

Fig. 8A Phosphate gel electrophoresis of collected fractions 

 1% agarose 50mM potassium phosphate gel of L2 PP7 VLPs collected in 5ml 

fractions from Sepharose CL-4B chromatography.  CT VLP refers to a conventional 

MS2 VLP and it extracted RNA. 

Fig. 8B Phosphate gel and SDS-PAGE gel electrophoresis of 

collected fractions 

17% SDS-PAGE gel display the same column collected L2 fractions. Based on earlier 

studies it is known that the VLPs come out in the 15-30 range of fractions and have the 

least amount of cellular protein contamination.  Here the arrow indicates the VLP coat 

protein.  It is clear to see that earlier fractions are the cleanest samples. 
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The next step was to show that these VLPs were immunogenic.  To test the 

immunogenicity, we intramuscularly inoculated C57Bl/6 and B10 mice with two 10µg 

doses of L2 PP7, V3 PP7, or wild type PP7 VLPs, and then collected sera from the mice 

two weeks after the second immunization.  Sera was tested for IgG antibodies against the 

V3 or the L2 peptide by ELISA (fig. 10).  Mice immunized with the recombinant VLPs 

elicited high titer IgG responses (> 104) against the appropriate peptides, whereas no 

reactivity was seen in the negative controls. Thus, the recombinant PP7 VLPs were 

capable of inducing high titer antibody responses against the inserted peptides. 

 

 

 

Fig. 9 Binding of monoclonal antibodies to recombinant PP7 VLPs         

 500 nanograms per well of L2/V3/FLAG PP7 VLPs were mixed with varying dilutions of 

an A. anti-FLAG monoclonal antibody(M2) that binds to FLAG VLPs alone or B. anti-L2 

monoclonal antibody (RG-1) that binds to PP7 L2-VLPs, but not PP7 V3-VLPs or PP7 

FLAG VLPs. Binding was detected using a horseradish peroxidase-labeled goat anti-

mouse IgG secondary followed by development with ABTS.  Reactivity was determined 

by measurement of the absorbance at 405 nm (OD 405). 



 
 

 
 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

29 

Fig.10. Antibody responses to immunization with PP7 VLPs     

IgG antibody responses in groups of mice immunized with wild-type PP7 VLPs, V3-

VLPs, or 16L2-VLPs.  Data shows end-point dilution ELISA titers against a peptide 

representing the HIV V3 peptide linked to KLH (left panel) or a peptide representing 

amino acids 14-40 from HPV16 L2 conjugated to streptavidin (right panel). Results are 

from sera obtained two weeks after the second vaccination. Each datum point represents 

the antibody titer from an individual mouse. Lines represent the geometric mean titer for 

each group. 
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3.4  Mice immunized with 16L2-VLPs are strongly protected from genital 
HPV pseudovirus infection  

The 16L2-VLP vaccine we designed contains amino acids 17-31 from HPV16 L2, a 

region shown to contain one or more highly cross-reactive neutralizing epitopes (1, 10), 

suggesting that the 16L2 VLPs could potentially protect against HPV challenge.  We 

assessed whether 16L2-VLPs could protect mice from HPV challenge using a HPV 

pseudovirus/mouse genital challenge model (21). Groups of five Balb/c mice were 

immunized intramuscularly with 10 µg PP7-16L2 VLPs (with incomplete Freund’s 

adjuvant) twice at a two-week interval.  Two weeks after the second vaccination, mice 

were challenged with HPV16 or HPV45 pseudovirions encapsidating a luciferase reporter 

plasmid (pCLucf) (13, 21).  Two days following the introduction of pseudovirus, the mice 

were each given an intravaginal instillation of 20 µl of luciferin and imaged.   Images 

were then analyzed and total flux (photons/second) was measured.  The more illumination 

that is seen indicates more infection. Mice immunized with the adjuvant Alum serve as 

the positive control and 100% infection, while mice that were mock-challenged with 

pseudovirions serve as an uninfected control. It is clear that the L2 VLPs provide fairly 

strong protection (fig. 11). Mice immunized with 16L2-VLPs were strongly (>98%) 

protected from infection with the homologous pseudovirus, HPV16, whereas mice 

immunized with Alum were not protected.  We also tested whether vaccination with 

16L2-VLPs could protect mice from genital infection with a heterologous HPV type.  We 

chose HPV45 pseudovirus because its L2(17-31) sequence varies from the HPV16 

sequence at three of the fifteen amino acid positions.  As shown in Figure 11, 16L2-VLP-

immunized mice were also protected (~83%) from genital infection with HPV45 
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pseudovirus.  Thus, 16L2-VLPs have potential as a pan-HPV vaccine.  Because the L2 

particles were designed from the HPV 16 minor capsid protein, it makes sense that the 

best protection is seen in the HPV 16 strain.  We also saw a fairly strong response to the 

HPV 45 strain. This cross reactivity between strains could allow for a vaccine that 

protects broadly.  One could even imagine a VLP that displays several strains of the 

minor capsid protein to provide very broad protection. 
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Fig. 11  VLP immunization protect mice from challenge with HPV pseudovirus  

 in vivo luciferase assay of mice vaginally challenged with HPV16 or HPV45 

pseudovirions.  Groups of five mice were immunized two times with 16L2-VLPs or, as a 

control, Alum.  Two weeks after the second immunization mice were challenged with 

either HPV16 pseudovirus (left panel) or HPV45 pseudovirus (right panel) containing a 

luciferase reporter.  As a control, a group of five mice were uninfected.  Luciferase 

activity was quanititated 48 hours after infection. 
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4. DISCUSSION 

Throughout this thesis, we made it our goal to show that PP7 can be used to 

display target peptides. We started by creating primers to four target epitope sequences, 

and then cloned them into the PP7. Insuring that heterologous peptides could be inserted 

into the coat protein and still allow for proper folding and display was the next step.  We 

found through blue/white screening, restriction digest, and sequencing that we got proper 

insertion of peptides. To verify that VLPs were forming we preformed gel electrophoresis 

and western blotting to show the presence of RNA and coat protein. Finally the VLPs 

were grown in large scale and collected by column chromatography.  

We needed to insure that these VLPs displayed the target peptides, were not 

cross-reactive, and induced high antibody titers. ELISA of VLPs against serial dilutions 

of either monoclonal antibody or antisera showed that the PP7 VLPs were in fact able to 

display the target epitope, induce high titers, and were not cross-reactive. A luciferase 

assay provided proof of concept by showing that the 16L2 particles provided strong 

protection against pseudo infection by HPV 16, and HPV 45.  Again, the near complete 

protection seen in HPV 16 infection is to be expected as the VLP was designed from 

HPV 16 minor capsid protein, but the 83% protection seen against HPV 45 even given 

the strong variation in sequence would suggest that these VLPs could be broadly 

neutralizing.        

 



 
 

 
 

34 

Traditional study of viruses has looked at their role as infecting agents and the cell 

biology associated with infection; but current VLP study and vaccine development have 

allowed the virus to become a nanoplatform (9). VLPs could be used in the same manner 

as filamentous phage. The components that make VLPs so appealing for vaccine 

development involve being immunogenic and being able to display varying target 

epitopes, along with encapsidating their RNA/DNA for recovery and epitope 

identification. A library of random inserts could be created that expands across 

bacteriophage species, and tested against sera from a virally infected individual.  Positive 

VLPs could be selected and their RNA sequences recovered.  Mutable rounds of selection 

could be conducted till a highly immunogenic VLP is produced and used directly as a 

vaccine candidate. 

It is essential that the VLP display the target peptide in a dense array to create 

strong antibody cross-linking and immune response, but it is also important for the 

particle to encapsidate its RNA sequence. If the VLP cannot encapsidate its DNA/RNA 

then it is impossible to recover sequences by affinity selection for epitope discovery.  It is 

clear that both components are necessary for VLPs to serve as an effective display 

platform that also can be used for epitope discovery. 

Typically filamentous phages are used for epitope discovery; as a library of 

peptide variants can be screened and target sequences recovered through affinity 

selection.  This process is typically done in M13 filamentous phage. Random insertions 

are cloned into the pVIII gene, which makes up the capsid or into the pIII region, which 

makes blunt end of phage (23). The issue with this system is that filamentous phage do 

not display antigen in a dense array, making direct vaccination typically ineffective. The 
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pIII region is not wide enough and does not have enough display sites to create strong 

cross-linking of peptide, while insertions into the pVIII region must be made sparingly, 

or proper capsid formation will fail. Because of this, once the peptide is recovered by 

affinity selection, it must be synthesized and then inserted into a display platform; 

unfortunately when out of its originally identified context, these antigens tend to be 

poorly immunogenic; due to thermodynamic issues, 3D structure, or the actual epitope 

domain being displayed.  

So for VLP based vaccines to really be effective, they must serve as both the 

discovery and display platform.  In order for that to happen, there are three things a VLP 

must be able to do; first, it must be able to display foreign antigen in dense arrays that can 

elicit a strong immune response, second, it must have a tolerant display site that can 

retain normal protein function even with insertion of diverse peptides, and lastly in must 

encapsidate the nucleic acid that encodes the viral protein-peptide fusion for recovery 

sequence by affinity selection (19). This process has been done and shown to be effective 

in MS2 bacteriophage, our goal was to test various peptide insertions into PP7 phage and 

see if they were compatible with VLP assembly, exposed on the virus surface, and 

immunogenic. After seeing that PP7 VLPs can display epitope insertions on the particle 

surface and are immunogenic, the next step would to create the afore mentioned library 

of PP7 VLPs to go in parallel with the MS2 libraries already created (19). We have 

already created a semi-random library of PP7 VLPs based upon the anthrax protective 

antigen with random flanking sequence.  These insertions form particles and could be 

used as part of a library scan (fig.12). It would be important to try selecting a VLP for a 

particular target using the libraries and see how many rounds of selection are needed to 
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recover a particle that provides sufficient protection in an animal model with a vaccine 

already in circulation to serve as a control.  Showing the genotype phenotype link would 

be necessary. Also it will be essential to generate VLPs to random, unknown targets and 

see if we can again produce high titer levels of antibody using our VLPs in an animal 

model.  Truly getting a sense of the time required to go from unknown target to large 

scale VLP production will be important as well.  The future possibility of mechanized 

production should also be considered.  Along with vaccine development, VLP platforms 

could be used in many potential different scenarios, including, drug delivery, and cell 

imaging.  While current technologies provide many effective vaccines, they are slow in 

development and involve some degree of risk.  It is clear that a new method of vaccine 

development that is fast, safe, inexpensive, and effective is needed to combat the ever 

present threat of viral pandemic not just in the United States, but in the developing world 

as well.      
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Fig. 12 Diagram of library screening     

Diagram of the VLP library screening process, selection of target particles, amplification 

through RT-PCR, and finally, direct vaccination.  This process applies to all VLP types. 
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