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The development of novel therapies to treat diseases of the nervous system requires a 

multidisciplinary approach.  Recent advances in gene therapy technologies have made it possible 

to accurately edit genomes in vivo.   Editing of genomes allow scientists to replace defective 

cellular genes with fully functional genes to treat neurodegenerative diseases, or promote 

mutagenesis of essential viral genes from pathogenic viruses to inhibit infection and disease.  

One such pathogen, herpes simplex virus (HSV), evades antiviral immunity by establishing 

latency in peripheral sensory neurons where it persists as intranuclear episomes.  Upon viral 

reactivation, HSV can cause recurrent disease and transmission to new hosts.  Disruption of 

essential HSV genes in infected sensory neurons has the potential to prevent reactivation.   The 

basic principle of gene therapy requires efficient delivery and expression of therapeutic genes in 

target cells using a safe and reliable vector system appropriate for the treatment.  Viruses are 

natural gene delivery systems, and hence, they can be employed as therapeutic gene vectors.  To 



 

determine the dynamics of therapeutic gene delivery and expression in sensory neurons of the 

trigeminal ganglion, we used a viral vector derived from adeno-associated virus (AAV) in a 

mouse model.  We found that AAV serotype 1 (AAV-1) trafficked to the trigeminal ganglion 

(TG) after intradermal injection in the mouse whiskerpad.  Furthermore, AAV-1, 5, 7, 8, 9, 

which have diverse cellular tropisms, trafficked to the trigeminal ganglion from the whiskerpad 

with similar efficiency, although AAV-1 gave the highest levels of transgene expression.  After 

trafficking to the TG in just 3 days, the level of AAV genomes in the TG remained constant for 

at least 28-days post inoculation.  We determined that 5x1011 AAV vector genomes provided the 

highest level of AAV-mediated transgene expression in neurons, in vivo.  Importantly, we 

achieved at least 50% transduction efficiency of neurons in the TG after whiskerpad injection.  

Moreover, the level of transgene expression was sustained for at least 28-days post inoculation.  

We showed that AAVs co-transduced the same neurons, which enabled delivery of multiple 

genes to the same target cells.  In addition, we demonstrated that AAV-1 co-infect neurons that 

was infected with HSV-1.  Understanding the parameters necessary for AAV-mediated gene 

transfer to neurons in the trigeminal ganglion may allow a gene therapy approach to treat HSV-1 

infections, and likely other diseases that directly affect or are mediated by sensory neurons in the 

nervous system.   
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Chapter 1 

 

Introduction 

 

Gene therapy of the nervous system heavily relies on viral vectors to deliver and 

express therapeutic encoded proteins in neural tissues.  Such therapies can be utilized to 

correct a disease induced by a genetic mutation [1], or use to manipulate the specific 

neural cell for investigation.  To translate to the clinical setting, such gene delivery tools 

must efficiently transduce their target cells, but also be replication-deficient, non-

immunogenic, and have little or no cellular toxicity.   

Early use of a viral vector targeted to neural cell types involved recombinant 

herpes simplex virus (HSV) due to its natural tropism for infecting neurons.  These early 

HSV vectors demonstrate cellular toxicity [1, 2].  Moreover, such HSV vectors elicit 

higher levels of immunity from the host.  These issues result mainly from viral genetic 

sequences that produce toxic viral proteins or contaminant gene products during 

production of the viral vector stocks [2].  Later generation HSV vectors are deleted of 

many viral genes that encode proteins directly responsible for toxic effects of some cell 

types, but neural toxicity still exist from such vectors.  Furthermore, HSV vectors are 

difficult to manipulate due to their large genome, ~152 kb.   
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Discovery of adeno-associated virus (AAV) in 1965 proved to be very useful in 

the field of gene therapy decades later [3].  As a consequence of this discovery, 

generation of the first AAV vector occurred about twenty years later [3, 4].  Since then, it 

has been shown to be highly successful at transduction of different neural cell types.  

Subsequent iterations of AAV vectors led to the first human clinical trial in cystic fibrosis 

patients just ten years after the introduction of AAV vectors [5].   Today, use of AAV 

vectors in research and clinical trials have increased significantly.   

 

1.1  Adeno-associated virus (AAV) as a gene delivery vector to neural tissues 

The introduction of the first AAV-based vector, AAV2, appeared to induce little 

to no immunogenicity and was considered to be relatively non-toxic [4].  Further 

refinement of the AAV vector led to the current AAV-based vector that does not encode 

or express any wild-type viral proteins.  In fact, the only viral sequences that are included 

in the current viral vector are the AAV inverted terminal repeats (ITRs) that flank the 

expression cassette (Figure 1).  The ITRs are required for replication and packaging of 

the recombinant genome in the viral capsid to make a fully functional viral vector [1].  

AAV vector stocks did not contain contaminants from helper virus during the generation 

of purified AAV vectors.  Early tests of recombinant AAV2 vectors show no observed 

cellular toxicity when directly injected into the brain or spinal cord of rats, and there 

appeared to be low immunogenicity in small animal models [6-8].  There were no 

induction of cellular immune response, and only low levels of humoral immunity resulted 

from AAV2 [9, 10].   Importantly, introduction of transgenes into the targeted cells in the 
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brain show sustained and robust expression [6].  Therefore, the AAV2 vector became an 

attractive tool to be employ for gene therapy in research and clinical settings.   

	
  

	
  

 
 
 
 
 
 
 
 
Figure 1.  Schematic of genomes of wildtype adeno-associated virus (AAV) and AAV vector 

	
  

Initial transduction experiments with AAV2 show that when directly injected in 

rodent brains, transgene expression was mostly localized at the injection site [6].  Some 

groups wanted more distribution of transgene expression to other parts of the brain that 

were difficult to access by direct injection.  Because different AAV serotypes may have 

different cellular tropisms, various AAV serotypes may be use to target a variety of 

neural cell types.  Therefore, more AAV serotypes were introduce to improve gene 

delivery to different neural cell populations in the brain.  For example, when comparing 

AAV5 versus AAV2 after direct injection in the brain, AAV5 show more variable and 

disperse transgene expression patterns than AAV2 [11, 12].  AAV2 transgene expression 

was more concentrated at or around the site of injection in the brain.  In contrast, when 

AAV2 or AAV5 was injected in the retina to transduce photoreceptor cells, it was 

reported that AAV2 had a more dispersed transgene expression profile than AAV5 
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[13,14].  These reports suggests that the transgene expression profile of neural tissues in 

the brain or retina is affected by, both, AAV vector serotypes and injection routes.   

The transduction efficiency of AAV vectors could likely rely on the expression 

levels of serotype-specific entry receptors on the cell surface of the targeted neural cell.   

Due to the asymmetric nature of the structure of neurons, AAV entry receptors may not 

be evenly distributed throughout entire cell surfaces of various neural cell types.  For 

example, nerve terminals could express different levels of surface entry receptors than 

cell bodies of neurons.  Therefore, efficient transduction of specific neural cells could 

require that AAV entry receptors be expressed at the cell surface region where they are 

accessible at the injection site.   

Administration of therapeutic AAV vectors to transduce specific neural cells 

could likely be dictated by the specific disease pathology of the nervous system.  For 

example, in cases where the disease is associated with loss of neurons such as 

Alzheimer’s disease or Parkinson’s disease (Table 1), the encoded gene delivered may 

produce a survival factor [16].  Hence, the injection site must be close to the neuronal cell 

bodies where the survival factor can quickly prevent cell death.  In other situations, where 

the desire effect is to induce axonal growth or projections towards the site of traumatic 

injury, one might administer the AAV vectors at the site of injury and away from the 

neuronal cell bodies.   

It is important to consider the desire therapeutic effect to determine where to 

inoculate the AAV vectors and how to express the transgene.  For example, during 

traumatic injury in the peripheral nervous system, short bursts or transient levels of 
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therapeutic transgene expression may be sufficient.  In contrast, in Parkinson’s disease, 

one might want a constant level of transgene expression in dopaminergic neurons located 

in the brain to inhibit neuronal cell death [16].   

AAV vector-mediated gene therapies that involve the nervous system require 

precise injection of viral vectors to target neurons due to most neurons’ asymmetric 

architecture.  Moreover, diseases that affect different parts of the nervous system, i.e., 

central vs peripheral, would likely direct one to where to inject AAV vectors and which 

AAV serotype to use for efficient transduction of target neurons.  Expression of viral 

vector-mediated knockdown of cellular genes of interests would enable a wide range of 

investigations on gene function, such as axonal growth or synapse formation of neurons, 

mainly in the brain.  In the peripheral nervous system, one could use viral vector 

technology to study how nerve regeneration can occur by manipulation of cellular gene 

function.   

Table 1.  Gene therapy for diseases of the nervous system 

 

 

 

 

 

Gene therapy for diseases of the  
nervous system 

  
Therapy Disease or Injury 

    
Increase axonal growth and 
synaptic plasticity 

Alzheimer's 
Nerve damage 
Parkinson's 
  
  

Prevent neuronal death Alzheimer's 
  Parkinson's 
  Ischemia / stroke 
    
    
Stimulate remyelinization Multiple sclerosis 
!
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Currently, AAV vector-mediated gene delivery has been successfully applied to a 

number of rodent models of human disease.  In mice, AAV vector-mediated expression 

of beta-glucuronidase subdued formation of brain lesions which models a human disorder 

of lysosomal storage [15].  In the rat model of Parkinson-like disease, AAV vectors have 

been used to deliver glial cell line-derived neurotrophic factor (GDNF) to counteract 

neuronal cell degeneration [16].  Furthermore, AAV vectors have been used to encode 

genes that express anti-apoptotic proteins such as bcl-2 in mice models of amyotrophic 

lateral sclerosis (ALS) [17].  Instead of inhibiting neuronal death, AAV vectors have also 

been employed to induce cell death by encoding a suicide gene such as thymidine kinase 

to induce brain tumors in mice and rat models [18].   Based on the successful applications 

of AAV as a gene delivery vector to treat diseases of the nervous system, we aimed to 

utilize AAV vectors to deliver gene-encoded therapeutic nucleases to treat herpes 

simplex virus type 1 infected neurons in a mouse model.   

 

1.2  Use of AAV vectors to deliver therapeutic gene-encoded nucleases to treat HSV-1 

infection in a mouse model 

We are interested in using AAV-based vectors to deliver gene-encoded nucleases 

designed to promote mutations of essential HSV-1 genes, thus disabling HSV-1.  In most 

HSV-1-infected individuals on antiviral therapy, viral replication is suppressed.  

However, HSV-1 persists in a latent form in peripheral sensory neurons of the trigeminal 



 7 

ganglia and can reactivate to cause recurrent disease and infect others.  In order to cure 

HSV-1 infected individuals, one has to prevent viral reactivation.   

We hypothesized that targeted mutagenesis of essential HSV-1 genes in latently 

infected sensory neurons could prevent viral reactivation.  The laboratory has previously 

demonstrated this for HSV using an in vitro model [90], and for HIV and HBV using 

similar culture models [91].  We therefore proposed to investigate targeted mutagenesis 

of HSV-1 in infected sensory neurons, in vivo.  In this context, we established a mouse 

model of HSV-1 infection to determine parameters required for directed mutagenesis of 

target sites in HSV-1 genomes in infected neurons.  Critical to our goal is the ability to 

deliver therapeutic gene-encoded nucleases to HSV-1 infected neurons in the trigeminal 

ganglion. 

As proof of concept, we used targeted nucleases to impair essential viral genes in 

HSV-1 infected neurons, in vivo.  Homing endonucleases (HEs) are a class of such 

nucleases that can be utilize to trigger directed mutagenesis of a specific target site. 

Discovered in the 1970s, homing is a gene conversion process that involves the insertion 

of a copied mobile sequence into its cognate allele that lack this sequence [19].  

Therefore, a site-specific double strand break (DSB) in the target allele is required by a 

“homing endonuclease” that is encoded within the mobile sequence.  HEs recognize very 

long DNA sequences (14-44 bp), which give them exquisite specificity [19].  To deal 

with DSB, cells have three major DNA DSB repair mechanisms:  non-homologous end 

joining (NHEJ), microhomology-mediated end joining (MMEJ), and homologous 

recombination (HR).  In absence of a homologous repair template, NHEJ is favored.  

Moreover, NHEJ is the predominant DNA DSB repair pathway in higher eukaryotes.  
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Imprecise repair during NHEJ can result in mutations at the target site caused mainly by 

insertions or deletions.  Under this premise, we employ engineered HEs to trigger target 

site mutagenesis within the HSV-1 genome.  Then, we analyze the target sites to confirm 

the effectiveness of our approach.  

 Although, there are currently four classes of nucleases that may potentially have 

therapeutic effects we tested engineered homing nucleases (HEs) in this study.  We have 

chosen to initially test HEs in vivo because of their small size thus allowing us to easily 

package the open reading frame in the AAV vector genome.  Moreover, the high 

specificity of HEs to our desired HSV-1 target site would likely result in lack of cellular 

toxicity.   Other nucleases such as Zinc finger nucleases (ZFNs), TAL effector nucleases 

(TALENs), or the CRISPR/Cas system may be utilized to similar ends but effective 

vectorization of these enzymes to specific neural tissues will require further investigation.  

 

1.3  Herpes simplex virus type 1 life-cycle  

Most humans are infected with herpes simplex virus type 1 (HSV-1) during 

childhood or adolescence, and remain latently infected throughout life.  Serology and 

detection of HSV-1 DNA in their trigeminal ganglia (TG) demonstrate that by age 60, 

close to 80% of the world’s population is latently infected with HSV-1 [22-25].  Primary 

infection occurs when HSV-1 enters epithelial cells of the mucosa of the mouth, where a 

lytic phase of primary infection develops.  Following replication at the mucosa, viral 

particles encounter nerve termini that innervate the site of primary infection.  Viral 

particles are then translocated via retrograde axonal transport to the neuronal cell body 
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where the virus establishes latency [21].  HSV-1 evades antiviral immunity by 

establishing latency in neurons, a phenomenon in which viral genomes persist as 

intranuclear episomes for life. 

Typically, herpetic lesions (cold sores) result from a productive infection at the 

mucosal surface.  When HSV-1 infection occurs in the eye it may result in keratitis, 

irreversible corneal scarification following several rounds of reactivation that may lead to 

blindness [21].  Recurrent HSV-1 is the leading cause of infectious corneal blindness in 

the U.S. [20].  In some cases encephalitis can ensue when HSV-1 infects the central 

nervous system (CNS).  Herpes simplex encephalitis is often fatal [21].  Thus, recurrent 

HSV-1 infections can progress to serious disease, morbidity, and even mortality in the 

infected person’s lifetime. 

Recurrent disease from HSV-1 reactivation can occur intermittently and at 

random.  Following reactivation, the virus tends to re-enter the stratified squamous 

epithelium layer, where many sensory neurons innervate, and emerge on the skin surface 

to form lesions [26].  Factors that affect the frequency of recurrence and severity of 

symptoms include host immunity and strain of virus.  For example, immunocompromised 

individuals may have higher recurrence rate of HSV-1 reactivation [26].  It was suggested 

in the Pica et al. study that individuals who report the highest frequency of recurrent 

HSV-1 infections had much lower IFN gamma production compared to those who 

reported less recurrences [27].   

HSV-1 establishes lifelong neuronal latency, which can be easily detected in the 

trigeminal ganglia (TG).   When HSV-1 latency is established in the infected neuron of 
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the TG, HSV-1 dsDNA genomes are maintained during latency from 1 to ~50 copies of 

non-integrating circular episomes latently in infected neurons [37, 40].  The genome of 

HSV-1 is composed of 152 kb, and is divided into two unique regions (unique long and 

short or UL and US).  Each unique region is bracketed by inverted repeats.  The latent 

viral genome is transcriptionally repressed, except for the latency associated transcripts 

(LATs) [28-31].  LATs are a set of linear RNAs transcribed from within internal repeat 

regions located between the unique long and short portion of the viral genome.  During 

neuronal latency, viral transcription leads to a 8.3 kb primary transcript that is further 

processed to produce stable 2.0 kb and 1.5 kb introns [32].  Such transcripts, along with 

the circularized HSV-1 genomes, remain in the nucleus of the latently infected neuron for 

life. 

Although LAT is not required for establishment of latency, many studies have 

shown that it plays a significant role in the establishment and maintenance of latency [33, 

34].  Some studies have demonstrated that mutant viruses deleted for LAT show a 

reduction in the efficiency of virus reactivation in vivo, suggesting that LAT may be 

directly involved in viral reactivation [35, 36].  However, other studies that examine the 

murine HSV-1 latently neuron showed that LAT-negative viruses establishes latency in 

~1/3 as many neurons compared to wild-type HSV-1 and this correlates with the amount 

of virus recovered after reactivation [37-41].  The debate in the mechanism of how LAT 

regulates latency and reactivation may be due to variatoins in latency models and 

experimental conditions in different studies.  Related to this thesis, what is important to 

note is that regardless of the functional roles of LAT throughout latency and reactivation, 

the ability of the latent viral genome to enter lytic replication and cause recurrent disease 
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in the periphery can occur independent of LAT. 

Evidence of HSV latency in nervous tissue of small animal models has been 

established for more than three decades.  The murine model for HSV-1 infection and 

latency is an attractive model because it recapitulates most aspects of HSV-1 life-cycle.  

It can establish infection at peripheral sites similar to humans, and importantly it 

establishes latency in sensory neurons of the mouse trigeminal ganglia (TG) for life [35]. 

Thus, we exploited the mouse model of HSV-1 neuronal latency to explore our targeted 

mutagenesis approach of latent viral genomes.  

Critical to our ability to test the hypothesis of targeted viral gene disruption in 

vivo is to determine the dynamics of therapeutic gene delivery to HSV-1 infected neurons 

in the trigeminal ganglion.  Utilizing the AAV-based vector, the objective of my doctoral 

research was to quantitatively detail important parameters to enable effective delivery 

and robust expression of gene encoded therapeutic nucleases to neurons in the trigeminal 

ganglion.  The rationale for this approach was two fold:  1) AAV-based vectors are easily 

generated, well tolerated, and able to efficiently transduce neurons; 2) Quantitative 

understanding of gene delivery to sensory neurons in the trigeminal ganglion is necessary 

to test targeted mutagenesis of latent HSV-1 infection, and potential treatments for other 

nervous system related diseases. 

My study of gene delivery dynamics to sensory neurons of the trigeminal 

ganglion has revealed that AAV-base vectors can be employed to effectively transduce 

neurons in the trigeminal ganglion.  Moreover, I qualitatively and quantitatively 

described optimal parameters for:  route of administration, AAV serotype, viral vector 
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dose, kinetic of transgene expression, co-transduction efficiency of AAVs, and co-

infection of AAV1 and HSV-1.  Importantly, this established mouse model allowed us to 

demonstrate, for the first time, viral gene disruption of HSV-1 infected neurons in vivo.   
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Chapter 2 

 

Methods 

 

2.1  Production of AAV vectors 

AAV vector plasmids, pscAAV-CMV-mCherry or pscAAV-CMV-GFP (provided 

from Daniel Stone at FHCRC, Seattle, WA), were generated by restriction digest with 

BgIII and cloned to pscAAV-CMV-pA.  Plasmid pscAAV-CMV-HSV1m5 (provided by 

Martine Aubert at FHCRC, Seattle, WA) were generated by PCR amplification of 

HSV1m5 using primers KpnI-HA-nls 

GAGATCGGTACCGCCGCCACCATGGGATATCCATACGATGT and XhoI-

HSV1m5 GAGATCCTCGAGTCAAGGACTTTTTCTTCTCAGAGA.  Each PCR 

amplicon were cloned into pscAAV-CMV-pA as an XhoI-NotI fragment. 

AAV viruses were generated by transient transfection of HEK 293T cells 

(American Type Culture Collection) using polyethylenimine (PEI) according to method 

of Choi et al 2007.  HEK 293T cells were cultured in DMEM with 10% FBS.  To 

maximize titers of AAV viruses, two hours before transfection, replaced old growth 

media to fresh growth media.  When HEK 293T cells are ~60% confluent, used PEI 

(1mg/ml) to transfect cells (1.6 x107 cells per 15cm tissue culture dish).  Use a ~1:1:1 

molar ratio of AAV helper plasmid to Ad helper plasmid to rAAV plasmid containing the 

reporter or nuclease transgene per 15cm tissue culture dish for AAV serotypes 1, 5, 7, 8, 
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or 9.  Add the DNA mixture to 500ul of pre-warmed Optimem II medium per dish.  Once 

the plasmids are thoroughly mixed, add the PEI and vortex for 10 seconds to allow 

efficient transfection of all plasmids proportionally.  Incubate for 5-10 minutes at room 

temperature and add the mixture (DNA+PEI), drop-wise to each dish.  At 72 hours post-

transfection, harvest crude AAV lysates by collecting and resuspending the cells in AAV 

lysis buffer (50 mM Tris, 150 mM NaCl, pH 8.5) before freeze-thawing four times.  

Filtered AAV stocks through a 0.45µm filter and stored at -80
 oC.   

 To purify AAV vectors for in vivo inoculations, allow the virus suspension to 

thaw to 37 oC.  Add benzonase (10-50 U/ml)and incubate the virus suspension at 37 oC 

for one hour to degrade extra-cellular DNA.  Mix every 15 minutes to break down DNA 

to reduce the viscosity of the solution, which will aid separation of constituents in the 

subsequent gradient.  Centrifuged the virus suspension at 3,000xg for 15 min at 4 oC.  

Build an iodixanol gradient in a Beckman quick-seal centrifuge tube by preparing 

solutions for four different layers of the gradient, i.e., 15%, 25%, 40%, and 54%.  Add 

phenol red to the 25% and 54% layers to aid visualization of the layers within the tube.  

Start by adding the 15% solution to the bottom of the Beckman tube using a 10 mL 

syringe.  Add subsequent layers below the previous layer, 25% à 40% à 54%.  Add the 

virus containing supernatant to the gradient slowly.  Seal the tip of the tube.  Centrifuge 

the tube at 49,000 rpm in a Beckman Type 70Ti rotor for 1 hours 20 minutes at 4oC.  

Insert an 18-gauge needle near the top of the tube to allow airflow vent.  Prepare a 5 mL 

syringe with an 18-gauge needle for extraction of the virus-containing layer.  Accurately 

insert the needle approximately 1-2 mm below the interface between the 40% and 54% 

gradient buffer layers with the bevel of the needle facing up.  The AAV vectors are 
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visible as a subtle presence of color at the interface.  Slowly extract 3 mL of solution, 

first with the beveled needle opening facing upwards during the first half of extraction, 

and facing downward for the rest of the solution.  This layer represents the pure AAV 

virus stock. 

 

2.2  Quantitation of AAV vector genomes and HSV-1 viral load in the trigeminal 

ganglion 

 Total DNA from the mouse trigeminal ganglia was extracted using the DNeasy 

Tissue & Blood kit (Qiagen) after surgical removal from the mouse.  Quantitation of 

AAV vector genomes in the trigeminal ganglion by real-time PCR uses primers AAV 

ITR-Forward, 5’-GGAACCCCTAGTGATGGAGTT-3’ and AAV ITR-Reverse, 5’-

CGGCCTCAGTGAGCGA-3’ and probe set AAV ITR-Probe 5’-FAM-

CACTCCCTCTCTGCGCGCTCG-BHQ1-3’ that will amplify a sequence within the 5’ 

ITR of AAV2.  This AAV ITR-Forward primer is designed so that it will not bind to the 

deleted ITR sequence found in AAV vectors or to the right hand ITR.  Therefore, all 

AAV vectors can be titer in the same assay with only a single ITR amplified per virus 

and the same standard curve can be used for all AAV comparisons.   

To generate PCR standard, linearized plasmid pAAV-CMV-GFP (7017bp) with 

DraIII restriction enzyme.  Digest 5µg of pAAV-CMV-GFP in a 50µl volume for 3-4 

hours.  Purify the linearized DNA, and confirm that the plasmid is completely linearized 

on a 1% agarose gel.  Quantify sample using the nanodrop and then determine the 

plasmid copy number per µl.  In a 50µl volume place 5µl AAV sample, 5µl NEB buffer 

3, 1µl DNase (40U/µl) before incubating at 37oC for 30 minutes.  Heat-inactivate the 
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DNase at 75oC for 10 minutes.  Add 50µl of 2X proteinase K buffer (10mM Tris-HCl 

pH8, 20mM EDTA pH8, 20mM NaCl) and 10µl proteinase K (10mg/ml) and incubate at 

37oC for 1 hour.  Heat-inactivate the proteinase K at 95oC for 20 minutes.  Dilute the 

sample to 1:20 and 1:100 in dH20 before using it in qPCR reaction.   

To determine AAV vector titer, dilute plasmid standard curve (108, 107, 106, 105, 

104, 103 and 102 copies).  Using TaqMan® Universal Master Mix II, with UNG, include 

AAV ITR-Forward (100nM), AAV ITR-Reverse (340nM), AAV ITR-Probe (100nM) 

and run PCR cycle 50oC for 2 minutes, 95oC for 15 minutes, then 40 cycles of 95oC for 1 

minute and 60oC for 1 minute.  Use SDS software to obtain a value for the number of 

AAV copies per sample based upon dsDNA linear AAV plasmid sample.   Each PCR 

reaction contains 20% of total volume of DNA extracted from the mouse trigeminal 

ganglion. 

	
   To assess HSV-1 DNA in trigeminal ganglion, a duplex digital PCR was 

performed to measure the levels of cellular HSV DNA on the QX100 droplet digital PCR 

system (Bio-Rad Laboratories, Hercules, CA) at the University of Washington, 

Department of Laboratory Medicine, Molecular Virology Laboratory.  DNA samples 

were extracted from trigeminal ganglia as described above.  Copies of HSV-1 DNA were 

quantified using the following gB primers/probe set:  HSV-qPCR-F 

CCGTCAGCACCTTCATCGA; HSV-qPCR-R CGCTGGACCTCCGTGTAGTC and 

probe HSVgbProbe 6FAM-CCACGAGATCAAGGACAGCGGCC-BHQ1.  Cell 

numbers were determined using GAPDH primers specific to murine DNA.  The ddPCR 

reaction mixture consisted of 12.5 ul of a 2X ddPCR Mastermix (Bio-Rad), 1.25 ul of 

each 20X primer-probe mix, and 10 ul of template DNA in a final volume of 25 ul. 20 ul 
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of each reaction mixture was loaded onto a disposable plastic cartridge (Bio- Rad) with 

70 ul of droplet generation oil (Bio-Rad) and placed in the droplet generator (Bio-Rad).  

The droplets generated from each sample were transferred to a 96-well PCR plate and 

PCR amplification was performed on a 2720 Thermal Cycler (Applied Biosystems, 

Carlsbad, CA) with the following conditions: 95°C for 10 minutes, 40 cycles of 94°C for 

30 seconds and 60°C for 1 minute, followed by 98°C for 10 minutes and ending at 4°C.  

After amplification, the plate was loaded onto the droplet reader (Bio-Rad) and the 

droplets from each well of the plate were automatically read at a rate of 32 wells/hour.  

Data were analyzed with QuantaSoft analysis software and quantitation of target 

molecules presented as copies/ul of PCR reaction.  For quantification of both cellular and 

supernatant HSV-1 levels values were standardized to cellular GAPDH levels.  

Alternatively, calculations for HSV-1 DNA in one trigeminal ganglion was obtained by 

normalizing to 20% of total DNA tested. 

 

2.3  Viral inoculation (ocular or whiskerpad) of mice 
	
  
 Female Swiss Webster mice (Charles River), 4-8 weeks of age, were used 

throughout these studies.  For ocular inoculation via scarification of the cornea, 5 

microliters of inoculum containing 2x105 - 5x106 PFU of HSV-1 KOS or F was pipetted 

to the cornea following scarification with an 18-gauge needle.  HSV-1 production and 

storage according to method of Pomeranz and Blaho 2000.  Tittering of HSV-1 uses 

method according to Roizman and Knipe 2001.  HSV-1 concentration is expressed as 

plaque forming units (PFU).  For intradermal injection of the mouse whiskerpad, 50 

microliters of inoculum was injected using an insulin syringe (30-gauge needle).  
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 2.4    Quantitation of transgene expression in the trigeminal ganglion 

Immunohistochemistry  

Using a semi-automated approach to analyze by immunohistochemistry (IHC) 

and cell image analysis software of histology sections of trigeminal ganglia.  For IHC, 

trigeminal ganglion (TG) was fixed in with 10% neutral buffered formalin, paraffin 

embedded then sectioned at 4 um thickness.  Staining of mCherry TG slides required 

antigen retrieval for 12 hours at pH9 in a 65 C water bath.  Anti-mCherry antibody 

(dilution 1:1000) was made at the FHCRC (provided by Benjamin Hoffstrom).  To detect 

mCherry, a polymer (PowerVision Rabbit HRP) was utilized along with the chromagen 

DAB+ Dako for 4 minutes 2 times.  Counterstain with Biocare Hx and Tacha’s at 25% 

for 2 minutes.  Isotype controls of mouse Ig (1.3 ug/mL) were used as negative control.  

For anti-NeuN (clone A60, Millipore mab377) staining (antibody dilution 1:800), TG 

required antigen retrieval at for 12 hours at pH9 in a 65 C water bath.  To detect NeuN, 

PowerVision Rabbit HRP polymer was used along with a M-E Kit (Vector Laboratories 

BMK #2202).  Isotype controls of mouse Ig (1.3 ug/mL) were used as negative control.   

 

Image quantitation  

CellProfiler cell imaging software extracts a large number of different 

measurements of histology tissue stained with anti-NeuN, anti-mCherry.  Images were 

scanned at 40x (Aspera) and captured at fixed exposure and position using ImageScope 

software.  Individual measurements can be exported to a spreadsheet for further data 

processing using Microsoft Excel.  To classify based on morphology, reporter intensity, 
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size, and other cellular characteristic, we use Classifier tool located in CellProfiler 

Analyst (CPA) to train a machine-learning classifier.  Furthermore, based on a Boolean 

method of categorizing, CellProfiler automatically determines the best combination of 

measurements for discriminating between different phenotypes.  Based on observed 

exclusion criteria, modifications within CellProfiler pipeline was used to classify the 

counted objects by mean intensity.  Images determined artifacts were excluded from 

analysis.  Stacks of images were merged with the original image in ImageJ to produce the 

last photo in the series to form the spatial patterns of the mean intensities. 

In order to set the parameters in CellProfiler Analyst (CPA), a database of 

attributes important to the characteristics of the trigeminal ganglion were generated.  To 

generate the total percentage of mCherry positive or GFP positive neurons in the image 

of the trigeminal ganglion, unique numbers were assigned to every countable neuron in 

the histology tissue.  To confirm CellProfiler’s accurateness at assigning valued criteria 

to the digital map, a set of such sections were used to verify that the CellProfiler achieved 

a 95% confidence level at.  Export CellProfiler to an SQLite database to enable the 

measurements in the database to be further explored using CPA.  When creating a 

CellProfiler listing, select the option to create a “properties file” output in the 

‘ExportToDatabase’ module.  The properties file is a simple text file that describes where 

raw data and extracted measurements are located when launching CPA.  Edit the 

CellProfiler properties output file in a regular text editor.   

CellProfiler Analyst was originally designed for fluorescent images of cells, so a 

few modifications are needed to optimize viewing of brightfield images of neurons in the 

trigeminal ganglion, which are also often larger than most other cell types.  Moreover, the 
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irregular shapes and positive stained axons have to be considered.  The following 

additions/changes to the properties file are needed prior to launching CPA (each on 

separate lines and without the brackets): 

[image_channel_colors = red,green,blue,red,green,blue] [channels_per_image = 3,3] 

[image_channel_blend_modes = subtract, subtract, subtract, add, add, add] 

[image_tile_size = 250].  The Classifier tool of CPA needs to be trained to recognize 

neuron phenotypes such that CPA can determine the likelihood that a given section 

shows neurons belonging to specified characteristics.  Training of the software to further 

confirm what is truly a positive neuron for the stain marker, versus an artifact of IHC is 

key to allow accurate CPA output.  Limit the output data to detail:  Image Number, 

Object Number, Intensity of Stain, Location of Neuron, Total Number of Positive, and 

Total Number of Negative.  Test the classification accuracy by fetching cells of a 

particular class of defined labels.  Such CPA enrichment scores can be visualized as a 

table, heat map, histogram, scatter plot, etc.   Select some images that have suitable 

ranges of intensities so that manual selection of the boundaries of the categories can be 

created.  Use the ranges in both the python script that to categorize all the files and create 

a set of images to determine an output of percentage of neurons positive for desired 

reporter.   

 

Statistical analysis 

 Results are presented as p-values and correlation coefficient r using software 

MatLab.  To test for differences in transduction efficiency, non-parametric one-way 
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ANOVA test was utilized.  To compare efficacies across individual serotypes the 

ANOVA was followed by a multiple comparison post-test.  

 

2.5   Culture of primary neurons from mouse trigeminal ganglion 

Six-week-old female Swiss Webster mice (Charles River)) were euthanized (by CO2) 

and the trigeminal ganglia (TG) were removed by surgical excision.  Incubate intact 

ganglia at 37°C for 20 minutes in papain (25 mg) (Worthington, Lakewood, NJ) in 1 ml 

Neurobasal A medium (Invitrogen) on a shaker.  Remove the papain and incubate for 20 

minutes in Neurobasal A medium containing dispase (4.67 mg/ml) and collagenase (4 

mg/ml) on a shaker.   Mechanically dissociate by triturating, approximately 50 times, 

with a 1,000-ul pipette.  Add dissociated cells to complete Neurobasal A medium (2% 

B27 supplement Invitrogen, 1% penicillin- streptomycin (PS), NGF 50 ng/ml 

(Invitrogen).  Transferred neurons to be plated on poly-D-lysine- and laminin-coated 

well.  At 24 hours post-plating, remove extracellular debris by gently washing well with 

Neurobasal A medium.  Neuronal cultures can be maintained with complete neuronal 

medium for up 2-3 weeks by replacing medium weekly, if needed. 

 

2.6  Analysis of targeted mutagenesis of HSV-1 UL19 

The target site of the homing endonuclease HSV-1-M5, HSV-1 UL19, was PCR 

amplified using UL19 B primers: Forward 5’- GGCCGGCGGAAGTAGTTGAC-3’ and 

Reverse 5’-CACCGACATGGGCAACCTTC-3’, with thermocycling conditions of: 94C 

for 5 min, then 35 cycles (94C for 30 sec, 60 C for 30 sec, 70C for 30 sec), then 70C for 5 
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min.  PCR amplicon sequenced the DNA containing the target region obtained and 

cloned into the PCR Blunt-TOPO vector using the Zero Blunt TOPO PCR cloning kit 

(Invitrogen).  Target sequence analysis by bacterial colony sequencing was performed by 

Genewiz, and analysis of mutations was performed using Genius software. 
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Chapter 3 

 

Delivery and expression of transgenes in sensory neurons of mice 

 

Introduction 

Adeno-associated virus (AAV) vectors have become one of the most useful and 

prevalent gene delivery tools because of their lack of toxicity and low immunogenicity.   

These viral vectors effectively express transgenes for long periods and in many cell types, 

including neurons [42-45].  Moreover, such AAV-based vectors have been used in 

clinical trials and are effective for delivery to the nervous system [46-51].   The most 

studied AAV vector was based on AAV serotype 2 (AAV2).  In fact, multiple researchers 

have used AAV2 vectors to deliver and express therapeutic genes to the dorsal root 

ganglia (DRG) [52-57].  Since the development of the AAV2 vector and its successful 

implementation, other AAV serotypes have been isolated from non-human primates and 

human sources to be used in research settings as well [58-60].    

When used empirically, different AAV serotypes exhibit different cellular 

tropisms that result in different transduction efficiencies and transgene expression 

kinetics.  For example, direct injection of AAV1 or AAV5 in rodent brains yield a 

dramatic greater transduction efficiency of neurons in the brain compare to AAV2 [61, 

62].  However, AAV8 was reported to show higher levels of transduction when directly 

injected in the hippocampus compare to AAV1 or AAV5 [63].  Thus, in the central 

nervous system, the optimal AAV serotype appears to depend on the route of delivery 

and the target cell type. 
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To transduce tissues in the peripheral nervous system, direct injection of viral 

vectors can be accomplish mostly in the dorsal root ganglion (DRG) – particularly, in 

rodent models of gene delivery.  Another method capable of transducing sensory neurons 

in the DRG is by intrathecal delivery of AAV1 or AAV8 [64, 65].  AAV6 was also found 

to sufficiently transduce the DRG by injection directly into the sciatic nerve in rats [66].  

Although, several groups have reported efficient transduction of DRG neurons, the 

optimal AAV serotype differed between groups.  This is likely due to the delivery route 

of the AAV vectors.  Due to the polarized shape of sensory neurons and the distance 

between nerve terminals and neuron cell bodies, AAV vectors may encounter a different 

expression profile of entry receptors on the surface of the cell body compared to the 

receptors that may be displayed at the surface of nerve terminals.  Because of the 

difference between the anatomical architecture and location of the DRG and the 

trigeminal ganglion (TG), direct injection into the mouse TG would not be appropriate. 

Hence, transduction of sensory neurons in the mouse TG must rely on the ability of AAV 

to enter the nerve terminals that innervate the periphery and be axonally transported in a 

retrograde manner to the cell bodies of the neurons.   

In this study, we determined the dynamics of AAV-mediated gene delivery and 

transgene expression in sensory neurons in the trigeminal ganglion in mice.  We found 

that AAV serotypes 1, 5, 7, 8, 9 traffic to the trigeminal ganglion from the nerve 

terminals with similar efficiency after intradermal injection in the whiskerpad.  

Moreover, we showed that AAV genome levels in the TG remained constant from day 3 

to at least day 28 days post inoculation.  We established that a vector dose of 5x1011 AAV 

vector genomes achieved a transduction efficiency of at least 50% of the neurons in the 
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TG by whiskerpad injection.  Furthermore, significant levels of transgene expression in 

these transduced neurons were sustained for at least 28 days post inoculation.  We found 

that separate AAVs co-transduced the same neuron, thus enabled delivery of multiple 

genes at once to the target cell.  In addition, we showed that AAV1 co-infect neurons 

infected with HSV-1, in vivo.  Our data highlight the parameters to which AAV vectors 

mediate potential therapeutic gene delivery to sensory neurons of the trigeminal ganglion.  

 

Results 

3.1  AAV1 traffics to the trigeminal ganglion by intradermal injection of the mouse 
whiskerpad 

 
Viruses that infect sensory neurons in the trigeminal ganglion, such as HSV-1, 

can do so by entering the nerve terminals that innervate the ocular region.  It has been 

well established that scarification of the cornea enhances HSV-1 infection of the TG [38].  

Since nerve terminals of the trigeminal ganglion also innervate the dermis layer of the 

whiskerpad in mice, we hypothesized that direct injection of AAV vectors into the dermis 

of the whiskerpad should lead to efficient viral vector uptake at these nerve terminals.  

After neuronal entry, via the nerve terminals, vector capsids that contain the expression 

cassette can be transported to the cell body of the neuron where expression of the 

transgene is established.  To determine the appropriate route of administration of AAV 

vectors, we compared inoculation of AAV vectors to the cornea or whiskerpad in mice 

(Figure 2C).   
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Figure 2.  AAV-1 vectors traffic to the trigeminal ganglion after intradermal injection of the mouse 
whiskerpad 
(A) Intradermal injection of the right whiskerpad (black arrow) with 50ul AAV1 vectors (1x1011 vector 
genomes).  (B) Mouse trigeminal ganglion (blue arrow).  (C) AAV vector genomes in the trigeminal 
ganglion were quantified by real-time PCR, 7-days post-inoculation in the whiskerpad or eye (non-scarified 
or scarified cornea).  Each triangle or circle represents one trigeminal ganglion.  p value = 0.0214 (t-test). 
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Seven days after inoculation of concentrated AAV1 vectors (1x1011 vector genomes) in 

the whiskerpad or in the eye (scarified or non-scarified cornea), real-time PCR of the 

trigeminal ganglion (Figure 2B and C) showed that AAV vector genomes could readily 

be detected in the TG following whiskerpad injection, but not via inoculation in the eye.  

Therefore, intradermal injection of the mouse whiskerpad showed to be an effective route 

of administration to deliver AAV vectors to the trigeminal ganglion. 

 
 
3.2  Effects of AAV serotypes in transduction of neurons in the trigeminal ganglion  
 

Different AAV serotypes, primarily, represent different surface proteins of the 

capsid.  These differences in capsid surface proteins allow a variety in cellular tropisms.  

Currently, there are at least ten different AAV serotypes that can be easily constructed.  

AAV vector-mediated gene delivery to the target cell depends on several specific 

interactions of the capsid proteins with the target cell.  The initial steps include primary 

recognition and binding of viral vector surface proteins.   Then, induction of endocytosis 

and release from the endosomal compartment follows.  Once the entire viral vector 

particle enters the sensory neuron of the trigeminal ganglion, the capsid still has to be 

axonally transported via retrograde to the cell body.  Here, we tested the ability of AAV 

serotypes 1, 5, 7, 8, and 9 to enter the nerve terminals of the mouse whiskerpad and be 

transported to the trigeminal ganglion (Figure 3).   We chose to test AAV serotypes 1, 5, 

7, 8, 9 because they have been previously demonstrated to successfully transduce various 

nervous tissues [43-48]. 

 To quantitatively analyze various AAV serotypes with respect to their ability to 

traffic from the site of inoculation (whiskerpad) to the trigeminal ganglion, we packaged 
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the same DNA genome flanked by two inverted terminal repeats (ITRs) from AAV2 into 

capsids of different AAV serotypes.  This allowed us to use a specifically designed 

primer and probe set that amplifies a sequence within the 5’ ITR of AAV2 with high 

specificity.  Therefore, all AAV vectors, regardless of serotype, were quantified with the 

same method.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  AAV serotypes 1, 5, 7, 8, and 9 traffic to the trigeminal ganglion from the whiskerpad with 
similar efficiency 
Capsids of AAV serotype 1, 5, 7, 8, or 9, packaged with the same vector genome, were intradermally 
injected in the mouse whiskerpad.  Seven-days post-inoculation, AAV vector genomes in the trigeminal 
ganglion were quantified using real-time PCR.  p value = 0.014, *ns (p = 0.573) non-significant; (one-way 
ANOVA - analysis of variance).  Each circle represents one trigeminal ganglion.   
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Figure 4.  AAV serotype 1 most efficiently transduce sensory neurons of the trigeminal ganglion 
(A) Histology of 4 μM serial section stained with anti-NeuN of the entire trigeminal ganglion from naïve 
mouse (green arrow = NeuN positive neuron).  (B) Histology of hematoxylin stained mouse trigeminal 
ganglion tissue transduced with AAV1-CMV-mCherry (blue arrow = neuron).  (C) Histology of anti-NeuN 
stained mouse trigeminal ganglion tissue transduced with AAV1-CMV-mCherry (red arrow = NeuN 
positive neuron).  (D) Histology of anti-mCherry stained mouse trigeminal ganglion tissue transduced with 
AAV-1-CMV-mCherry (black arrow = mCherry positive neuron; purple arrow = mCherry positive axon.  
(E) Cell Profiler Image Analysis Software used to quantitate mCherry or NeuN positive neurons; each 
neuron is assigned and catalogued by number associated with its intensity profile.  (F) Quantitation of 
mCherry-expressing neurons after whiskerpad injection of AAV1-CMV-mCherry, 14-days post-
inoculation.  Total number of neurons per ganglion was quantified with immunohistochemistry for NeuN.  
p value < 0.0001; p = 0.0016; *ns (p = 0.057); p = 0.0022; p = 0.008; independent two sample t-test.  Each 
circle represents one trigeminal ganglion.   
 
 
  

Regardless of serotype, AAV1, 5, 7, 8, and 9, trafficked from the whiskerpad to 

the trigeminal ganglion with similar efficiency, 7-days post inoculation (Figure 3).  

Because only nerve terminals of sensory neurons in the trigeminal ganglion innervate the 

whiskerpad, the likely mode of AAV capsid transport to the cell bodies that are located in 

the trigeminal ganglion is by retrograde axonal transport.  AAV uses several cell surface 

glycans for binding and entry.  Sialic acid is the dominant entry receptor use by AAV1, 

while AAV5 uses both sialic acid and platelet-derived growth factor receptor to enter 

susceptible cells [69-71].  The entry receptor or co-receptor for AAV7 and AAV8 are 

currently unknown.  AAV9 binds the cell surface glycan, galactose, to mediate cellular 

entry [72, 73].  Although it is unclear how the different AAV serotypes we tested gain 

entry at the nerve terminals of ganglionic neurons, they enter the neurons and traffic to 

the cell bodies with similar efficiency.   

To evaluate transgene expression of transduced neurons in the trigeminal 

ganglion, we used a semi-automated histological method.  We used Cell Profiler Image 

Analysis software to identified neurons based on cell size, morphology, and positive anti-

NeuN or mCherry staining in serial histology sections (Figure 4E).   We created a digital 

map within the histology section by assigning each neuron an identification number.  
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Therefore, the profile (e.g., cell size, shape, reporter intensity, and location) of the 

assigned neuron is used to identify that it is a neuron, and determine the relative levels of 

transgene expression.  When we examined for transgene expression from the mCherry 

reporter, AAV serotype 1 clearly demonstrated to transduce the highest percentage of 

ganglionic neurons compared to AAV5, 8, or 9 or PBS (Figure 4F).  The efficiency of 

transduction with AAV7 was not statistically different compared to AAV-1.   

 

3.3  AAV does not induce inflammation in the trigeminal ganglion 
 

To determine whether AAV vectors induce inflammation in the trigeminal 

ganglion, we evaluated hematoxylin and eosin stained sections of trigeminal ganglion 

that have been inoculated with AAV vectors of different serotypes.  We injected AAV 

vectors serotypes 1, 5, 7, 8, or 9 into the whiskerpad of mice at 1x1011 AAV vector 

genomes per whiskerpad.  Fourteen-days post-inoculation, we could find little evidence 

of immune infiltrates or tissue damage in the trigeminal ganglion from the AAV 

serotypes tested (Figure 5A).  Presence of AAV vectors in the trigeminal ganglion was 

confirmed by real-time PCR (see Figure 2).  Furthermore, we observe no aberrant 

alterations in tissue morphology from 3-days post-inoculation up to 28-days post-

inoculation of AAV1 (Figure 5B). 
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Figure 5.  AAV does not induce tissue damage in the trigeminal ganglion 
(A) Histology of 4 μM serial section stained with hematoxylin and eosin of the trigeminal ganglion from 
mice injected with PBS or AAV1, 5, 7, 8, or 9 in the whiskerpad (1x1011 AAV vector genomes per 
whiskerpad.  Analysis of H&E stained tissues at 14-days post-inoculation.  Representative of three sections 
per trigeminal ganglion in two mice.  (B) Histology of H&E stained mouse trigeminal ganglion tissue 
transduced with PBS or AAV1 vectors.  Analysis of H&E stained tissues at 3, 7, 14, 21, 28-days post-
inoculation.  Representative of three sections per trigeminal ganglion in two mice.  
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3.4  An effective dose of AAV1 is 5x1011 vector genomes 
 

 To address how the amount of AAV vectors affected transduction efficiency, we 

injected increasing doses of AAV1 vector genomes (5x109, 1x1010, 5x1010, 1x1011, 

5x1011, 1x1012 vector genomes) in the whiskerpad and quantify the levels of AAV vectors 

in the TG.  We observed that when we increased the amount of AAV vector genomes 

injected in the whiskerpad, we found more AAV vector genomes in the trigeminal 

ganglion (Figure 6).  The amount of AAV1 vector genomes inoculated in the whiskerpad 

strongly correlated to the amount AAV1 vector genomes in the trigeminal ganglion at 7-

days post-inoculation (r=0.7331; p<0.001).  When we increased the injected dose from 

1x1011 to 5x1011 AAV vector genomes, we increased the amount of AAV in the 

trigeminal ganglion from 1x104 to 1x106 AAV vector genomes, respectively.  When we 

increased the injected dose to 1x1012 AAV vector genomes, we saw no difference in the 

amount of AAV vector genomes in the trigeminal ganglion compared to an injected dose 

of 5x1011 AAV vector genomes.  Therefore, in this established mouse model, intradermal 

injection of 5x1011 AAV vector genomes in the whiskerpad yielded an effective dose to 

transduce neurons in the trigeminal ganglion.  
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Figure 6.  Dose response of AAV vector genomes in the trigeminal ganglion following whiskerpad 
injection 
AAV-1 vectors were intradermally injected in the mouse whiskerpad at 5x109, 1x1010, 5x1010, 1x1011, 
5x1011, or 1x1012 per whiskerpad.  Seven-days post-inoculation, AAV vector genomes in the trigeminal 
ganglion were quantified using real-time PCR.  Correlation coefficient r = 0.7331; p < 0.0001.  Each circle 
represents one trigeminal ganglion.   
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to the trigeminal ganglion, the level of AAV vector genomes in the trigeminal ganglion 
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appeared to be no degradation or loss of AAV genomes after AAV vectors traffic to the 

neuron cell bodies. 

 
 

 
Figure 7.  Levels of AAV vector genomes remain constant in the trigeminal ganglion 
AAV-1 vectors were intradermally injected in the mouse whiskerpad at 1x1011 per whiskerpad.  At 3, 7, 14, 
21, 28 -days post-inoculation, AAV vector genomes in the trigeminal ganglion were quantified using real-
time PCR.  Correlation coefficient r = -0.2613; *ns (p = 0.2657).  Each circle or triangle represents one 
trigeminal ganglion.   

 
 
 

 
3.6  AAV-mediated transgene expression increases to 28 day post inoculation 

 To evaluate the kinetics of AAV-mediated transduction efficiency, we quantified 

the proportion of neurons that expressed the delivered transgene over time.  Each 
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expression as early as 3 dpi in less than 5% of neurons in the TG.  The percentage of 

neurons that expressed the transgene continued to increase to more than 10% of neurons 

in the TG by 28 dpi.  There is a strong correlation between the increase in the proportion 

of neurons to express the transgene and the amount of time post inoculation of AAV1 

vectors (r = 0.8942, p < 0.0001).  Therefore, it may be likely that the proportion of 

mCherry-positive neurons continue to increase beyond 28 dpi.  We previously 

demonstrated that the most effective AAV vector dose was 5x1011 AAV vector genomes 

(Figure 6).  Hence, we tested whether this effective AAV dose resulted in higher 

transduction efficiency.  Indeed, at 4-week post inoculation of 5x1011 AAV vector 

genomes, we observed a transduction efficiency of ~50% of neurons in the trigeminal 

ganglion by whiskerpad injection (Figure 8B). 
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Figure 8.  Optimal AAV-mediated transgene expression in the trigeminal ganglion  
(A) Quantitation of mCherry-expressing neurons after whiskerpad injection of AAV1-CMV-mCherry at 3, 
7, 14, 21, and 28-days post-inoculation.  Cell Profiler Image Analysis Software used to quantitate mCherry 
or NeuN positive neurons; neuron are assigned and catalogued by a number associated with its profile. 
Correlation coefficient r = 0.8942; p < 0.0001.  (B) AAV8-CMV-mCherry vectors (5x1011 vector genomes) 
were injected in the whiskerpad.  Thirty-days post-inoculation, mCherry reporter expression was 
quantitated by Cell Profiler software.  p = 0.000017; t-test.  Each triangle or circle represents one trigeminal 
ganglion.   
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3.7  AAVs co-transduced neurons in the trigeminal ganglion 

 
 AAV vectors used for therapeutic aims, typically, are compose of a single-

stranded genome with a capacity of ~4.7 kb in length.  Therefore, the transgene in the 

cassette that is packaged in the AAV capsid has to be less than 4.7 kb.  One substantial 

limitation of the AAV vector is its small packaging capacity.  Due to this reason, the 

delivery of large genes or multiple genes is difficult.  Therefore, to overcome this hurdle, 

we co-transduced neurons with multiple AAVs.  This allowed us the ability to co-express 

multiple transgenes that would be too large to package into one AAV vector genome.   

To determine co-transduction of neurons in the trigeminal ganglion, we injected 

AAV1-CAG-mCherry (2x1011 vector genomes) and AAV1-CAG-GFP (2x1011 vector 

genomes) in the mouse whiskerpad and analyzed the proportion of neurons that co-

expressed mCherry and GFP by fluorescence microscopy.  At 2-days post-explant, 54% 

of total neurons expressed GFP, 50% of total neurons expressed mCherry, and 38% of 

total neurons expressed both, GFP and mCherry (Figure 9).   
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Figure 9.  AAVs co-transduced neurons in the trigeminal ganglion  
AAV1-CAG-mCherry (2x1011 vector genomes) and AAV1-CAG-GFP (2x1011 vector genomes) were 
injected in the mouse whiskerpad at the same time.  Twenty-days post-inoculation, trigeminal ganglia were 
explanted, dissociated, and cultured.  Fluorescence images were taken at 48 hours post-explant, and 
proportion of GFP and mCherry positive neurons were evaluated.  54% of neurons express GFP; 50% of 
neurons express mCherry; 38% neurons express, both, GFP + mCherry.  Representative from one of two 
mice in experiment. 
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Discussion 

 

We demonstrated that adeno-associated virus (AAV) vectors can be used for gene 

delivery to sensory neurons of the trigeminal ganglion in mice.  We showed that AAV 

serotypes 1, 5, 7, 8, 9 trafficked to the trigeminal ganglion with similar efficiency after 

intradermal injection of the mouse whiskerpad, but AAV1-mediated transgene expression 

in transduced neurons was highest compared to other AAV serotypes tested.  After 

whiskerpad injection, AAV vectors trafficked to the trigeminal ganglion in just 3 days, 

and remained at constant levels in the TG at least 28-days post-inoculation.  We 

determined that 5x1011 AAV vector genomes provided the highest levels of AAV-

mediated transgene expression in neurons, in vivo.  Significantly, we demonstrated that at 

least 50% of neurons were transduced in the trigeminal ganglion just through whiskerpad 

injection alone.  Moreover, the levels of transgene expression were sustained for at least 

28-days post-inoculation.  We showed that different AAVs co-transduce neurons, in vivo.  

This allowed us to potentially deliver multiple genes packages in multiple AAVs.  Our 

studies comprehensively revealed the dynamics of gene delivery to neurons in the 

trigeminal ganglion.  This dataset allowed us to choose the optimal conditions to 

administer a gene therapy approach to treat diseases associated with the trigeminal 

ganglion.   

Consistent with other studies, we observed that individual AAV serotypes differ 

in their ability to transduce and express transgenes in neurons.  Moreover, the region of 

administration of the AAV vectors also influences whether the viral vector are able to 
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traffic to the target cell.  For sensory neurons of the trigeminal ganglion, viral vector 

uptake must occur at the nerve terminals.  We observed that while all the AAV serotypes 

can enter the nerve terminals and traffic to the cell bodies with similar efficiency, the 

level of transgene expression could differ dramatically.  AAV1 and AAV7 expressed 

their transgenes with similar efficiency, whereas AAV5, 8, and 9 were limited in there 

transgene expression.  These results indicated that differences in capsid structures and 

receptors did not affect receptor-mediated entry at the nerve terminals or capsid-driven 

retrograde axonal transport to the cell bodies.  Thus, it is likely that uncoating of the 

AAV capsids in the cell bodies may be the rate-limiting step for early and robust 

transgene expression.   

Several studies indicate that AAV vectors generally have the ability to transduce a 

broad range of neural cell types [62-67].  In our study, we focused on sensory neurons of 

the mouse trigeminal ganglion.  We quantitatively defined the parameters for optimal 

AAV-mediated gene delivery.  When we compared how different AAV serotypes affect 

transduction efficiencies, we verified transduction based on transgene reporter 

expression.  Expression of the reporter gene could be affected by other factors than just 

the AAV serotype.  Transgene expression levels could also be determined by efficiency 

of the promoter, as well.  One has to consider the tissue context, target cell, and cellular 

morphology.  For example, tissue specific promoters can be use to tune expression levels 

in the cell.  Furthermore, an inducible system of gene control can be implemented.  For 

example, transgene expression under Cre-recombinase dependent vectors could be used 

in Cre-expressing transgenic mice.   

In additional to delivery of therapeutic encoded genes mediated by AAV vectors, 
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transport of viral vectors within the nervous system can be of interest for axonal tracing 

studies and projection-specific targeting of neurons.  In our study, we primarily observed 

transduced cell bodies only in the neurons that are likely to have nerve terminals that 

innervate the region of AAV vector inoculation.  Because we used replication defective 

AAV vectors, synaptic transmission of viral vectors may not be suitable for such studies.  

It has been reported that injection of AAV5 vectors into the dentate gyrus of the mouse 

brain led to transduction of excitatory neurons in the lateral entorhinal cortex, not by 

axonal transport but perhaps by synaptic transfer [74].   

We noticed that initial AAV-mediated transgene expression in sensory neurons 

was relatively slow.  We observed a 2-3 week delay in terms of AAV vector entry and 

detectable levels of reporter expression.  It would be useful to compare the kinetics of 

transgene expression of single-stranded AAV (ssAAV) versus self-complementary AAV 

(scAAV) vectors in transduce sensory neurons.  Because of the double-stranded DNA 

coding region of the scAAV, it does not require second-strand synthesis as with ssAAV.  

Thus, given the appropriate AAV serotype and optimal viral vector dose, self-

complementary AAV vectors can potentially lead to shorter onset of transgene expression 

in neurons compared to ssAAV.  Such side-by-side comparisons of how the AAV vector 

genome affects the temporal aspects of transgene expression would be a useful parameter 

to know in gene delivery design.   
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Chapter 4 

 

Establishing a model for targeted mutagenesis of HSV-1 infected sensory neurons  

 

Introduction 

 

Most humans are infected with herpes simplex virus type 1 (HSV-1) in childhood or 

adolescence, and remain latently infected throughout life.   HSV-1 enters epithelial cells of the 

mucosa in the mouth.  There, a lytic phase of primary infection develops in infected epithelial 

cells.   Alternatively, viral particles may encounter nerve terminals that innervate the site of 

primary infection.  After HSV-1 enter nerve terminals, viral capsids are translocated via 

retrograde axonal transport to the neuronal cell bodies.   HSV-1 evades antiviral immunity by 

establishing latency in neurons, a phenomenon in which viral genomes persist as intranuclear 

episomes for life.  

Typically, minor herpetic lesions (cold sores) can result from a productive infection.  In 

other cases, recurrent ocular infections can cause irreversible corneal scarring that may lead to 

blindness.  Recurrent HSV-1 is the leading cause of infectious corneal blindness in the U.S. [20].   

In rare cases, encephalitis can ensue when HSV-1 infects the central nervous system (CNS).  

Although rare, herpes simplex encephalitis is often fatal [21].  Serology and detection of HSV-1 

DNA in the trigeminal ganglia (TG) demonstrate that approximately 80% of adults in the world 

is infected with HSV-1 [21].  Thus, recurrent HSV-1 infections can progress to serious disease, 

morbidity, and even mortality at any point in the infected person’s lifetime.   
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Current interventions can only suppress HSV-1 replication.  To suppress virus replication, 

pharmacological antivirals are commonly used today.  The most common antiviral drugs used to 

treat HSV-1 infections are nucleoside analogs.  Idoxuridine, discovered by Kaufman et al. in 

1962 was first used to treat HSV eptithelial keratitis [21].  Since then, Acyclovir (ACV), a more 

advanced derivative of the original nucleoside analog is widely used as topical, intravenous, and 

oral pills.  Other drugs, such as Ganciclovir, foscarnet, cidofovir are also used to treat herpes 

infections.  Additionally, interferons have been tested for therapy as well.  Such available drugs 

work by interfering the ability of the virus to replicate their genome or prevent entry into 

susceptible cells.  Antivirals can decrease the viral load in the infected individual by several 

orders of magnitude, but residual shedding of virus is exhibited in spite of an aggressive antiviral 

regimen [88].  Although these drugs can suppress virus replication, they do not prevent viral 

reactivation and recurrent disease from occurring.   

HSV-1 establishes lifelong neuronal latency, which can be easily detected in the trigeminal 

ganglia (TG).  Hill et al. (1996) showed that from 174 autopsy samples of human TG, they found 

that ~90% were detected to have HSV-1 DNA.  Moreover, the copy number of HSV-1 genomes 

had a wide range, from 10 to 3,000 copies per 100ng of host DNA [23].  In the infected neuron, 

the HSV-1 double-stranded (ds) genome of 152 kb is maintained during latency as circular 

extrachromosomal episomes as opposed to linear dsDNA during the lytic phase of infection [21].  

 Our goal is to demonstrate the use of targeted nucleases to impair essential viral genes in 

HSV-1 infected neurons, in vivo.  Homing endonuclease (HEs) are natural occurring nucleases 

that can be engineered to recognize a desired DNA sequence.  HEs recognize very long DNA 

sequences (14-44 bp), which give them exquisite specificity [19].  To repair DNA double-strand 

breaks (DSBs), homologous recombination (HR) and non-homologous end joining (NHEJ) are 
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two competing DSB repair mechanisms.  Absent of a homologous template, NHEJ is favored.  

Moreover, NHEJ is the predominant DSB repair pathway in higher eukaryotes [19].  NHEJ is 

error-prone, and can result in mutations at the repair site caused by insertions or deletions.  

Under this premise, we employed engineered sequence-specific HEs to mutate essential HSV-1 

genes in infected neurons in mice.   

To test our target mutagenesis approach, we established a relevant mouse model.  

Evidence of HSV latency in nervous tissue of small animal models has been established for more 

than three decades.  The murine model for HSV-1 infection and latency is an attractive model 

because it recapitulates most aspects of HSV-1 life cycle.  HSV-1 can establish infection at 

peripheral sites in mice similar to humans, and importantly HSV-1 establishes latency in sensory 

neurons in the trigeminal ganglia (TG) of the mouse [33].  Therefore, we aimed to exploit the 

mouse model of HSV-1 infection to test our approach of targeted mutagenesis of viral genomes 

in infected neurons.  
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Results 

 

4.1  Quantification of HSV-1 load in trigeminal ganglion:  ocular vs whiskerpad 

inoculation and acute vs latent infection 

 The ocular infection model of HSV-1 has been well established in the field, and can 

recapitulate most aspects of the viral life cycle.  We demonstrated that AAV-mediated gene 

delivery and transgene expression in the mouse trigeminal ganglion (TG) is most efficient by 

intradermal injection of the whiskerpad (Figure 2 and Figure 8).  To determine the optimal route 

of HSV-1 infection in the mouse TG, we compared HSV-1 inoculation via the ocular route 

versus whiskerpad injection.  Mice were inoculated with HSV-1 KOS (5x106 PFU) either in the 

scarified cornea or whiskerpad.  At 7 or 21-days post-inoculation, the amount of HSV-1 genomes 

per ganglion was determined by digital droplet PCR.  In the mouse model, 7-dpi represented the 

peak of the lytic cycle of HSV-1 infection.  In contrast, at 21-dpi, HSV-1 latent infection in 

neurons of the TG has been established.  At 7-dpi, mice inoculated with HSV-1 KOS via the 

ocular route showed a viral load of ~5x105 HSV-1 DNA copies per ganglion, compared to a viral 

load of  ~1x104 HSV-1 DNA copies per ganglion when HSV-1 was injected in the whiskerpad 

(Figure 10).  At viral latency or 21-dpi, the differences in viral loads in the TG from ocular 

versus whiskerpad injection was not significant (Figure 10). 
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Figure 10.  Quantitation of HSV-1 DNA in the trigeminal ganglion  
HSV-1 KOS (5x106 PFU) was inoculated to the scarified cornea or by intradermal injection in the whiskerpad.  At 7 
or 21-days post-inoculation, copies HSV-1 DNA in the trigeminal ganglion were quantified using droplet digital 
PCR.  Each circle or triangle represents one trigeminal ganglion.   

 

4.2  Establishment of HSV-1 latency and viral reactivation 

To test targeted mutagenesis of HSV-1 genomes in infected neurons, we showed that 

latent HSV-1 reactivate to produce infectious virus.  Mice were inoculated with 2x105 PFU 

HSV-1 in the left scarified cornea.  At 4-week post-inoculation, the left eye appeared normal and 

latency was presumed established in the trigeminal ganglion.  To assess the ability of latently 

infected neurons to reactivate, trigeminal ganglia from latently infected mice were excised and 

co-cultured with susceptible indicator cells.  Sample supernatant from co-cultures were assayed 

daily to determine infectious virus by cytopathic effects on indicator Vero cells.  At 3-day post-

explant, co-cultures of the ipsilateral trigeminal ganglion demonstrated viral reactivation as 

evident in cell lysis as a result of infectious HSV-1 replication (Figure 11).  In contrast, co-

7 21

101

102

103

104

105

106

107

 0

Day Post Inoculation 
HSV-1 (5x10   PFU)

HSV-1 DNA 
Copies per 

Trigeminal Ganglion

HSV-1 PBS

PBSHSV-1

Whiskerpad
Ocular

6



 49 

cultures of the contralateral trigeminal ganglion with indicator cells show less than 30% 

infectious virus production.  Infectious virus from the contralateral TG is likely due to the 

transfer of HSV-1 from the ipsilateral eye to the contralateral eye during primary infection.   

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Establishment of HSV-1 latency and reactivation of the trigeminal ganglion in mice 
HSV-1 (2x105 PFU) was inoculated to the left scarified cornea.  At 4-weeks post-inoculation, trigeminal ganglia was 
explanted and co-cultured with Vero cells.  Supernatant from explanted co-culture were assayed daily on indicator 
cells to detect infectious virus.  Time points represent cumulative percentage of trigeminal ganglia that reactivated 
latent HSV-1.  Experiment representative of 3 mice per group.   
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Figure 4.  Establishment of HSV-1 latency and reactivation in mice.  Trigeminal 
ganglia (TG) from BALB/c mice were inoculated with 2x105 PFU HSV-1 F in 
scarified left cornea.  30-day post infection, TG was explanted and co-cultured 
with Vero cells.  Supernanant from explanted co-culture were assayed daily on 
indicator plates to detect infectious virus.  Time points represent cumulative 
percentage of TG with reactivated HSV-1.  HSV-1 infected (n=3) or uninfected 
(n=1). 
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4.3  Co-infection of AAV1 and HSV-1 in sensory neurons  
 
 One critical step in establishing a model for targeted mutagenesis of HSV-1 in infected 

sensory neurons is to deliver the gene-encoded therapeutic nuclease to HSV-1 infected neurons 

in the trigeminal ganglion.  In this context, we evaluated whether AAV1 vectors and HSV-1 can 

co-infect sensory neurons, in vivo.  After we injected AAV1-CAG-mCherry vectors (1x1011 

vector genomes) in the whiskerpad of mice, we waited 7-days before inoculating the ipsilateral 

whiskerpad with HSV-1-CMV-GFP (1x106 PFU).   At 5-days post-inoculation with HSV-1, we 

explanted the trigeminal ganglion to analyze for reporter expression, in vitro, by fluorescence 

imaging.  We found that greater than 60% of neurons were co-infected with AAV1 and HSV-1, 

in vivo (Figure 12).  As shown in Figure 4, an inoculum dose of 5x1011 AAV vector genomes 

resulted in two orders of magnitude increase of AAV vector genomes in the trigeminal ganglion 

compared to an inoculum dose of 1x 1011 AAV vector genomes.  Therefore, it is likely that 

inoculation of a higher AAV vector dose, 5x1011 vector genomes, in the whiskerpad may lead to 

an increased co-infection rate of AAV1 and HSV-1.   
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Figure 12.  AAV1 and HSV-1 co-infect sensory neurons in the trigeminal ganglion in vivo 
AAV1-CAG-mCherry vectors (1x1011 vector genomes per whiskerpad) were intradermally injected in the mouse 
whiskerpad.  Seven-days post-inoculation of AAV1, HSV-1-CMV-GFP (1x106 PFU per whiskerpad) was inoculated 
in the ipsilateral whiskerpad.  Five-days post HSV-1 infection, trigeminal ganglia were explanted and cultured with 
300 uM acyclovir.  Fluorescence imaging was performed 14-days in culture.  Experiment representative of 3 mice.  
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4.4  Treatment of HSV-1 infected mice with engineered homing endonucleases 

 To optimize efficiency of targeted mutagenesis of HSV-1 genomes in infected sensory 

neurons, we used an HSV-1-specific homing endonuclease, HSV-1 M5 (HE M5).  This nuclease 

recognizes a single 24 base pair target sequence in the HSV-1 genome located at the 3’ end of 

UL19 gene [90].  The UL19 gene encodes for the major capsid protein, VP5, which is essential for 

the survival and infectivity of HSV-1.  AAV1-CMV-HE-M5 vectors (2x1011 vector genomes) 

were intradermally injected in the mouse whiskerpad.  To allow sufficient time for HE-M5 to be 

expressed in transduced neurons, we waited 2 weeks before we established an HSV-1 infection 

in the trigeminal ganglion.  Because the viral load of HSV-1 is highest during the acute phase of 

infection (Figure 10), we analyzed for frequency of mutation after 5-days post-infection of  

HSV-1.  We observed mutagenesis of about 1% at the UL19 target site (Figure 13B).  Here, we 

showed the first observation of targeted mutagenesis of HSV-1 genomes in infected neurons, in 

vivo. 

  



 53 

A 
 

 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  In vivo targeted mutagenesis of HSV-1 in infected neurons in the trigeminal ganglion 
(A) Timeline of HE-M5 treatment, HSV-1 infection, and sequence analysis.  AAV1-CMV-HE-M5 vectors (2x1011 
vector genomes per whiskerpad) were intradermally injected in the mouse whiskerpad.  Fourteen-days post-
inoculation of AAV1-CMV-HE-M5 vectors, HSV-1 (2x105 PFU) infection of the ipsilateral trigeminal ganglion was 
established.  Five-days post HSV-1 infection, trigeminal ganglia were explanted and amplicon sequencing of HSV-1 
UL19 was performed.   (B) A total of 88 amplicons were sequence resulting in 1% mutation rate of two base pair 
deletion in the HSV-1 UL19 target site. 
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Discussion 

 

 We presented evidence that adeno-associated virus (AAV) vectors can deliver gene 

encoded therapeutic nucleases to neurons in the trigeminal ganglion in a mouse model.  

Furthermore, we could employ engineered homing endonucleases to test targeted mutagenesis of 

HSV-1 infected neurons, in vivo.  Specifically, we showed that HSV-1 establishes infection in 

the trigeminal ganglion by the traditional ocular route of infection or by intradermal injection of 

the mouse whiskerpad.  Moreover, we demonstrated that after establishment of latent infection in 

the mouse trigeminal ganglion, latent HSV-1 reactivated by explant of the infected trigeminal 

ganglion.  We showed that AAV1 and HSV-1 co-infected sensory neurons in the trigeminal 

ganglion, thus allowing AAV-mediated gene encoded nucleases to interact with HSV-1 genomes 

in co-infected neurons.  Significantly, we showed targeted mutagenesis of HSV-1 genomes in 

neurons, in vivo. 

 The goal of this mouse model was to provide proof-of-concept that HSV-1- specific 

nucleases can promote mutagenesis of HSV-1 genomes in infected sensory neurons in the 

trigeminal ganglion.  This viral gene disruption approach can further be tested in latent HSV-1 

infected neurons.  During HSV-1 latency, viral DNA genomes are maintained from 1 to ~50 

copies per latently infected neuron.  In this neuronal reservoir, latent HSV-1 produces no viral 

proteins, therefore limiting host immunity to infected neurons.  Under certain conditions, 

presumably from stress or other factors, viral reactivation re-establishes productive infection at 

the original site of infection to cause disease and likely transmission to hosts.  By disrupting the 

latent HSV-1 genome, we may inhibit disease and transmission. 
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 Currently, there are several drugs used to treat HSV-1 infection, mainly by inhibiting 

viral DNA synthesis.  But, such drugs have little effect on latent HSV-1.  Because the latent viral 

reservoir of HSV-1 principally is limited to the trigeminal ganglion, the established mouse model 

of HSV-1 infection in the cornea or whiskerpad can be utilize to test this directed viral gene 

disruption approach in relatively low copy numbers of latent HSV-1 genomes in infected 

neurons.  Importantly, we showed that AAV1-mediated gene delivery efficiently transduced a 

significant percentage of neurons in the trigeminal ganglion. 

 Use of specific endonucleases for targeted gene disruption relies on error-prone cellular 

DNA repair of NHEJ.  We have shown that exposure of engineered homing endonucleases to 

HSV-1 infected neurons resulted in detectable mutations within the target site of the HSV-1 

genome.  Induction of the HE-M5-mediated double-stranded DNA break in the UL19 target site 

leaves 3’-overhangs.  Therefore, we could increase the frequency of mutation of HSV-1 in 

infected neurons when we co-express a 3’ to 5’ exonuclease such as Trex2.  Degradation of 3’-

overhangs induced by HE-M5 cleavage before DNA ligation of the DSB would likely increase 

the frequency of mutagenesis within HSV-1 UL19. 
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Chapter 5 

 

Future Directions 

 

We quantitatively described the dynamics of therapeutic gene delivery to neurons in the 

trigeminal ganglion, and demonstrated in vivo targeted mutagenesis of HSV-1 infected neurons 

in mice.  In humans, and in mouse models of HSV-1 infection, HSV-1 latent viral genomes are 

found in only a small fraction of sensory neurons in the trigeminal ganglion [21, 41]. Moreover, 

the number of viral genomes per neuron correlates with the rate of reactivation in mouse models 

of HSV-1 latency [40, 41].  Therefore, specifically disrupting enough latent HSV-1 genomes 

may lead to reduction or inhibition of viral reactivation and recurrent disease.  However, we need 

to determine the frequency of viral gene disruption in latently HSV-1 infected neurons that is 

required to sufficiently impede virus reactivation to a significant level.   

In this study, we tested one class of nucleases that was engineered to induce a double-

stranded break (DSB) within the HSV-1 UL19 open reading frame.  Currently, there are four 

major classes of nucleases that can be design to cut desired target sites:  homing endonucleases 

(HEs), zinc finger nucleases (ZFNs), TAL effector nucleases (TALENs), and RNA-guided 

CRISPR/CRISPR-associated system (Cas) nucleases.  We used HEs because of their small size, 

thus facilitating AAV vectorization.  Importantly, HEs can recognize DNA sequences of 14-44 

base pairs (bp).   This makes HEs highly specific for their target site, which potentially can result 

in reduce levels of cellular toxicity.  



 57 

Going forward, it would be attractive to utilize other nuclease platforms to disrupt 

latent HSV-1, in vivo.  ZFNs are able to recognize many 3 bp DNA sequences, but 

because they function in a modular fashion, they can be arrayed to form a larger protein 

that can bind DNA sequences up to 18 bp in length [75, 76].  ZFNs bind to their DNA 

target site, but they are typically fused to a non-specific DNA endonuclease such as FokI 

to promote DSBs at the bound target site.  Although, ZFNs have been shown to inhibit 

DNA virus replication [75, 76], they are less specific then desired.  

Transcription activator like endonucleases (TALENs) were developed based upon 

a DNA binding protein found in the plant bacterium Xanthomonas.  TALENs are also 

modular, thus they can be arrayed to recognize a desired target site [77].  Similarly to 

ZFNs, TALENs are engineered such that the DNA binding domains must be fuse to an 

endonuclease such as FokI.  TALENs can be designed to recognize a target sequence of 

16-32 bp [78], thus making them relatively specific.  TALENs are very large, hence for 

our use, AAV-mediated delivery of gene encoded TALENs would not be feasible due to 

the packaging capacity of AAV.  Furthermore, TALENs are difficult to engineer. 

In the last two years, the CRISPR/Cas based system of gene editing has risen to 

enormous popularity and usefulness.   Clustered regularly interspaced short palindromic 

repeats (CRISPR) loci are found in a wide range of bacteria and thought to behave as an 

adaptive-immunity-like system for invading bacteriophage [79].  The relative simplicity 

of the type II CRISPR nuclease, along with the engineered synthetic single guide RNA 

(sgRNA) has enabled specific gene editing in mammalian cells [80, 81].  Thus, utilizing a 

wild type Cas9 and a specific sgRNA, a DSB may be induced at a desired target site such 
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as an essential HSV-1 gene.  Following error-prone repair, mutations within the target 

site can be promoted.    

Gene delivery dynamics demonstrated in this study are directly applicable to test the 

CRISPR/Cas-based approach to disable HSV-1 in infected neurons of the trigeminal ganglion 

(TG).  In this study, we have shown that AAV vectors transduce at least 50% of total neurons in 

the TG, by just whiskerpad injection alone.  The transduction efficiency would likely be much 

higher if we only accounted for the neurons in the TG that could only be accessible by 

whiskerpad injection.  This would allow us to potentially target the majority of latent HSV-1 

genomes in the mouse model of whiskerpad infection.  Similar to testing engineered homing 

endonucleases, it is critical to efficiently deliver gene-encoded components of the CRISPR/Cas 

system to infected neurons, in vivo.  AAV vectors can also be utilized, but packaging capacity 

must be considered.  Because the size of the Cas9 gene, along with the nuclear localization 

signal, promoters, and sgRNA sequences occupy more than the packaging capacity of one AAV 

vector, we would have to package these components into two AAV vectors.   This means that 

effective co-transduction of AAVs in neurons must be accomplished.  In this study, we have 

shown that ~40% of neurons are co-transduced, with just 2x1011 AAV vector genomes.  The 

level of AAV vector co-transduction would likely be much higher at the more optimal AAV 

vector dose of 5x1011 AAV vector genomes per site of injection. 

Although detailed in this study are the parameters to deliver gene-encoded therapeutic 

nucleases to sensory neurons in the trigeminal ganglion, we must also consider the accessibility 

of the target site in the latent viral genome by the nuclease in the HSV-1 infected neuron.  

Following neuronal nuclear entry, the viral genome circularizes and is assemble with histones 

[21, 83].  Post-translational modification (PTMs) of the histones associated with the viral 
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genome is believed to mediate epigenetic control of viral gene expression rather than direct 

modification of the virus DNA by methylation [82-84].  More specifically, during productive 

infection, the viral genome exhibits a euchromatin form due to the PTMs of histones at position 

H3K9 (histone 3 lysine 9) and H3K14 [83, 86].  During lytic infection modifications to the 

euchromatin such as acetylation of H3K9 and H3K14 are enriched on lytic gene promoters, e.g., 

promoters of immediate early (IE) genes [86].  Moreover, repressive histone modifications such 

as methylation of H3K9 are less enriched [85-87].  In contrast, during neuronal latency histones 

presenting acetylated H3K9 and H3K14 are enriched at the promoter of the actively transcribed 

LAT region while less abundant at the promoter region of the IE gene such as ICP0 or viral DNA 

polymerase gene [36, 87].  Such epigenetic regulation of the latent HSV-1 genome is of notable 

importance relating to targeted mutagenesis using site-specific nucleases, and must be 

appropriately addressed.  In other words, the desired target sites of the HSV-1 episomes in 

latently infected neurons may not all be accessible to nuclease cleavage.  The viral genome may 

be associated with nucleoprotein complexes that inhibit access of the target site for mutagenesis.  

These nucleoproteins may influence the episome structure so that it is in a compact or “closed” 

conformation, inaccessible to targeted nucleases.  In addition to association of nucleoproteins, 

the fact that HSV-1 episomes are closed circular dsDNA genomes is more likely to be coiled 

thus limiting the double-stranded break DNA repair machinery.  To address this, we may use 

chromatin modifiers such as sodium butyrate (NaBut), Trichostatin (TSA), or suberoylanilide 

hydroxamic acid (SAHA) to promote accessibility of target sites. 

In this study, we have shown that AAV vectors do not induce obvious morphological 

alterations to the trigeminal ganglion by H&E staining of histology sections.  But, potential 

toxicity due to specific therapeutic endonuclease expression in HSV-1 latently infected sensory 
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neurons will have to be assessed.   Animal studies and observations in humans suggest that a 

strong cell-mediated immune response is prohibited in neurons due to their low levels of MHC 

Class I expression [21].  The fact that HSV-1 latently infected neurons can persist for life 

demonstrates that infected neurons can evade a proficient CTL response.  However, recent 

studies show that CD8
 
T cells do infiltrate infected ganglia, particularly during viral reactivation 

[88, 89].  Further analysis of cellular toxicity, by evaluating levels of apoptosis, can demonstrate 

early levels of neuronal toxicity.  One can examine apoptosis by assaying intracellular levels of 

Caspase 3 and cell surface Annexin V upon exposure to nuclease activity.  Affected neurons may 

undergo necrosis, which can be detected by propidium iodide staining.  Moreover, 

morphological changes of dendrite formation and cell body alterations due to toxicity can be 

easily observed by microscopy, in vitro.  Additionally, off-target cleavage effects can be assessed 

by examining treated neurons for gamma-H2AX foci, which is an indicator of the cellular 

response to double-stranded breaks. 

In this study, we tested therapeutic nucleases to treat HSV-1 infection in neurons.   

This approach for HSV-1 can also be applied to treat HSV-2 and Varicella zoster virus 

(VZV) latent infections.  After primary infection, VZV establishes lifelong latency in 

sensory neurons with similar frequencies of latently infected cells and viral copy number 

to HSV-1 [21].  VZV can also reactivate to cause zoster (shingles) and often post-

herpetic neuralgia, which can be debilitating.  Therefore, AAV-mediated delivery of 

therapeutic nucleases can be employed to potentially disrupt latent HSV-2 and VZV 

infections, as well. 
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