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Aims: To determine whether herpes simplex virus—based vectors can efficiently
transduce mouse trigeminal ganglion (TG) neurons and attenuate preexisting
nerve injury—induced whisker pad mechanical hypersensitivity in a trigeminal
inflammatory compression (TIC) neuropathic pain model. Methods: Tissue
transduction efficiencies of replication-conditional and replication-defective
vectors to mouse whisker pads after topical administration and subcutaneous
injection were assessed using quantitative real-time PCR (gPCR). Tissue tropism
and transgene expression were assessed using gPCR and reverse-transcriptase
gPCR following topical application of the vectors. Whisker pad mechanical
sensitivities of TIC-injured mice were determined using graduated von Frey fibers
before and after application of human preproenkephalin expressing replication-
conditional vector (KHPE). Data were analyzed using one-way analysis of variance
(ANOVA) and post hoc tests. Results: Transduction of target TGs was 8- to 50-
fold greater after topical application than subcutaneous injection and = 100-fold
greater for replication-conditional than replication-defective vectors. Mean KHPE
loads remained constant in TGs (4.6-9.8 X 10* copies/TG) over 3 weeks but
were below quantifiable levels (10 copies/tissue) within 2 weeks of application
in other nontarget cephalic tissues examined. Transgene expression in TGs was
maximal during 2 weeks after topical application (100-200 cDNA copies/mL)
and was below quantifiable levels (1 ¢cDNA copy/mL) in all nontarget tissues.
Topical KHPE administration reduced TIC-related mechanical hypersensitivity
on whisker pads 4-fold (P < .05) for at least 1 week. Conclusion: Topically
administered KHPE produced a significant antinociceptive effect in the TIC
mouse model of chronic facial neuropathic pain. This is the first report in which
a gene therapeutic approach reduced trigeminal pain-related behaviors in an
established pain state in mice. J Oral Facial Pain Headache 2016;30:42-50.
doi: 10.11607/0fph.1512

Keywords: gene therapy, mechanical allodynia, nerve injury, neuropathic pain,
trigeminal ganglia

has been reported extensively and systematically reviewed.'?

However, the methodology that affords efficient transfer of vec-
tors to orofacial tissues, using simple clinical techniques, has not been
extensively utilized. Delivery of vectors encoding nonopioid genes (ie,
neurotrophins, neurotransmitters, and immune modulatory genes) or
opioid genes (ie, enkephalin, B-endorphin, endomorphin, and p-opioid
receptor genes) via multiple routes—including subcutaneous, intra-ar-
ticular, intradermal, intramuscular, neural, pancreas, parenchymal spinal
cord, and intrathecal spinal cord injections, as well as topical applica-
tion to abraded skin—has proven efficacious in many animal models of
chronic pain.? Remarkably, only three reports have described the use of
virus-based vector therapy for trigeminal region—associated pain. Two
of these studies involved the direct injection of vectors into the mouse
and rat trigeminal ganglion (TG),*® whereas the third indirectly transduc-
ed rat TGs via nerves innervating the whisker pads.® In all three cases,
vectors were applied prior to injury and therefore evaluated the ability of
gene therapy to hinder the development of induced orofacial pain.

| 'se of virus-based vectors for the treatment of chronic pain



Although many vectors are available for gene
transfer, vectors based on recombinant herpes
simplex virus (HSV) are uniquely suited to deliver
therapeutic transgenes following subcutaneous in-
oculation to peripheral neurons because HSV is nat-
urally taken up by peripheral nerve endings and is
neurotropic.””® In addition, HSV-based vectors can
be constructed to be replication-defective (ie, cannot
replicate in any noncomplementing cell line) or repli-
cation-conditional (ie, can replicate in dividing cells
but not in terminally differentiated, nondividing cells).
Thus, the nonreplicative state of the vector remains
in the neuron and precludes vector access to adja-
cent nonneuronal cells.'®'® By peripheral delivery of
an HSV-based replication-conditional vector prior to
injury, Meunier and colleagues demonstrated that the
overproduction of rat proenkephalin A in TG neurons,
before the establishment of chronic orofacial neuro-
pathic pain, significantly attenuated the development
of mechanical hypersensitivity in rats.® However,
whether replication-conditional vectors can be effi-
ciently delivered to, and maintained in, TG neurons of
mice after cutaneous delivery, and whether such vec-
tors can ameliorate mechanical hypersensitivity after
nerve injury, has not been reported.

The aims of this study were to determine whether
HSV-based vectors can efficiently transduce mouse
TG neurons and attenuate preexisting nerve injury—
induced whisker pad mechanical hypersensitivity in
a trigeminal inflammatory compression (TIC) neuro-
pathic pain model."”

Materials and Methods

Animals

Experiments were carried out in accordance with the
guidelines established by the National Institute of
Health regarding the care and use of animals for ex-
perimental procedures. All protocols were approved
by the Institutional Animal Care and Use Committee at
the University of Kentucky. Male Balb/C mice (Harlan
Laboratories) were primarily used to optimize delivery
of replication-conditional and replication-defective
HSV-based vectors to the TG. CD-1, Webster, and
C57bl/6 mice (Harlan Laboratories) were also used
to validate the delivery methods, to assess potential
spread, and to verify lack of strain differences. Male
mice (n = 103) aged 5 to 6 weeks at the start of the
study were accommodated in ventilated animal hous-
ing with a 12/12-hour light/dark cycle.

Vectors

Two types of HSV-based vectors were used. The
replication-defective vector expressing green fluo-
rescent protein (D3GFP) was provided by Dr Darren
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Wolfe (PeriphaGen). It has a backbone similar to that
of the NP2 vector described by Fink and colleagues.'®
The defective vectors are deleted for two essential
immediate early (IE) genes (ICP4 and ICP27) and
the promoters of two additional IE genes (ICP22 and
ICP47), and they can only replicate in complementing
cells. D3GFP was used at the concentration provid-
ed. Replication-conditional vectors that express the
human preproenkephalin (hENK) gene (KHPE, ex-
perimental vector) or B-galactosidase (KHZ, vector
control) replicate in dividing cells but not in terminally
differentiated nondividing neurons due to insertional
inactivation of the viral thymidine kinase gene, which
is only required in nondividing cells.'® These vectors
were obtained from Dr Steven Wilson'® and were
propagated and titrated on Vero cells as previously
described.?°722

Surgery

Induction of a peripheral trigeminal neuropathic pain
model was performed as previously described."”
Briefly, mice were anesthetized with sodium pento-
barbital (70 mg/kg, ip), shaved, and placed in a ste-
reotaxic frame. Following a 15-mm skin incision, the
orbicularis oculi muscle was gently dissected from
the bone. The infraorbital nerve (trigeminal V2) was
dissected free from the bone at its most rostral extent
along the infraorbital canal. A 2-mm length of chro-
mic gut suture (6-0) was inserted between the left in-
fraorbital nerve and the maxillary bone. Skin incisions
were sutured with 5-0 nylon nonabsorbable monofil-
ament, and mice were allowed to recover for 3 days.

Assessment of Mechanical Allodynia on the
Whisker Pad

The analgesic effect of KHPE vector, which has been
shown to reduce mechanical and/or thermal sensitiv-
ity in mouse,'®?%?4 rat,?® and primate?® pain models,
was evaluated in the mouse TIC model. TIC induc-
es mechanical hypersensitivity that becomes evident
at day 3 post—nerve injury and persists for many
weeks,'” thus allowing measurement of the efficacy of
the vector over several weeks.

Whisker pad mechanical sensitivity was assessed
using a series of eight von Frey fiber filaments (0.008,
0.02, 0.07, 0.16, 0.4, 1.0, 2.0, and 6.0 g; Stoelting)
with a modified up-down method to calculate the
50% mechanical withdrawal threshold.'” During test-
ing, one experimenter slightly restrained the mouse
while another experimenter applied von Frey fila-
ments onto the mouse whisker pad, both ipsilateral
and contralateral to the surgery site. For consistency
of results, each filament was applied five times with a
few seconds interval between each application. The
mouse was considered to be responsive to a filament
when its head withdrawal occurred three times after
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probing with that filament. For this approach, when-
ever a positive response to the mechanical stimulus
occurred, the next weaker von Frey filament was ap-
plied. If no positive response was evoked, the next
stronger filament was applied. Mechanical thresholds
on the whisker pads of both sides were measured 2
days prior to surgery (baseline), 3 days postsurgery,
and twice a week for 17 days following vector admin-
istration, as previously described."”

Administration of HSV-Based Vectors

KHPE, KHZ, or D3GFP vectors or vehicle control
(isotonic saline) were administered to mice. Mice
were anesthetized with pentobarbital (70 mg/kg, ip)
and the whisker pads were shaved with a sharp ra-
zor blade. HSV-based vectors (10 uL, 8-9 X 10°
plaque-forming units [PFU]) were administered ei-
ther by subcutaneous injection into the whisker
pads or topical application following light abrasion
of the whisker pads. Abrasion was produced with
20 strokes of a 25-gauge needle, a variable speed
Dremel (Robert Bosch Tool Corporation) fitted with
a small, fine-grit abrasive cylinder or a Dermapen
(Dermapen) all of which lightly abraded the dermis
at minimum depth without evidence of bleeding. For
topical application, inoculums were gently rubbed
onto the abraded surface by using the side of a poly-
propylene pipette tip and allowed to absorb/dry for
15 to 30 minutes.

Quantification of Vector DNA and RNA

Ipsilateral and contralateral TGs were collected from
euthanized mice 3 days or = 2 weeks postinocula-
tion, based on previously reported gene expression
kinetics of thymidine kinase minus (TK") HSV-1 during
the establishment of viral latency in mouse TGs,' and
then were frozen immediately or transferred to
RNAlater (Life Technologies) prior to freezing. In
some cases, the medulla, pons, cortex, midbrain, and
lacrimal gland were also collected. QlAamp DNA and
AllPrep DNA/RNA mini kits (Qiagen) were used to
purify DNA from tissues frozen directly or DNA and
RNA from tissues stored frozen in RNAlater, respec-
tively, according to manufacturer’s instructions.
Equivalent volumes of RNA per tissue type (11 uL
from TG and 6 pL from all other tissues) were treated
with DNAse by using DNA-free (Ambion) as recom-
mended by the manufacturer. DNAse-treated RNA
was reverse transcribed using random primers and
SuperScript Il (Life Technologies) as recommended by
the manufacturer. The quantity of DNA and cDNA
were determined by quantitative real-time PCR (qPCR)
on a 7500 real-time PCR system (PE Applied
Biosystems) in a 50-pL reaction volume consisting of
final concentrations of 1X TagMan Universal PCR
master mix (PE Applied Biosystems), 900 nM primers,
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and 250 nM TagMan probe, as previously described.?’
Analysis of vector DNA was performed with HSV-1
polymerase gene primers and probe (forward
5-AGAGGGACATCCAGGACTTTGT-3"; reverse
5-CAGGCGCTTGTTGGTGTAC-3" probe
5'-ACCGCCGAACTGAGCA-3"), as described else-
where.?® Analysis of vector gene expression (CDNA)
was performed using primers and probes specific to
the HSV-1 latency-associated transcript (LAT)—a mark-
er of HSV latency in neurons, as previously de-
scribed,?*®° and specific to the human preproenkephalin
gene (forward 5-ACGTGCAGCTACCGCCTAGT-3;
reverse 5-GGCAGTTTACCTTCACATTCCATT-3'
probe 5-CCGACATCAACTTCCTGGCTTGCG-3)),
designed with the Primer Express 1.0 software (PE
Applied Biosystems).

Immunohistochemistry

Ipsilateral and contralateral TGs were collected from
euthanized mice 3, 10, or 20 days post—vector inoc-
ulation, based on previously reported gene expres-
sion kinetics of TK™ HSV-1 during establishment of
viral latency in mouse TGs."® After 7-hours fixation in
4% paraformaldehyde, TGs were switched to 70%
sucrose and then embedded in paraffin. TGs were
sectioned (5 um) and mounted onto glass slides
(Super Frost Plus, VWR, Radnor, PA). Slides were
deparaffinized by two Citrisolv (Fisher) treatments,
dehydration with graded ethanol followed by a tap
water rinse. Sections were incubated with citrate
buffer at 37°C for 45 minutes followed by 0.1 M
phosphate-buffered saline (PBS, pH 7.4) wash for 5
minutes. Sections were then treated with methanol
containing 0.65% hydrogen peroxide for 20 minutes
followed by another wash with PBS. After the sec-
tions were blocked with 5% milk in PBS containing
0.25% NP-40 (Sigma) for 45 minutes, they were in-
cubated overnight at room temperature with mouse
anti-B-Galactosidase (1:10,000, Promega) or rabbit
anti-HSV-1 (1:10,000, Dakocytomation) antibodies
in PBS containing 1% milk for immunolocalization of
B-galactosidase transgene and HSV-1 infected cell
proteins. Sections were rinsed with PBS three times
(10 minutes each) and incubated with anti-mouse or
anti-rabbit secondary antibodies from VECTASTAIN
ABC kit (Vector Laboratories) for 45 minutes, rinsed
three times with PBS, and incubated with reagents
A and B for 1 hour. Sections were developed with
3,3-diaminobenzidine (DAB) followed by tap water
wash. Counterstaining with hematoxylin was stopped
by quick tap water rinse. Sections were dehydrat-
ed with graded ethanol, processed in Citrisolv and
coverslipped with Permount (Fisher). Photographs
were taken using a Nikon E1000 microscope
(Nikon Instruments, Inc) equipped with Act-1 Digital
Photography (Nikon) programs.



Statistical Analyses

Differences between treatment groups were de-
termined by one-way analysis of variance (ANOVA)
and Fisher's least significance test, using Statview
software (SAS Institute) for PCR quantification and
Tukey's Multiple Comparison Analysis (Graph Pad
Software, Inc) for behavioral measures. P values
were considered significant at = .05.

Results

Optimization of Vector Delivery to TG

Initial efforts were directed toward optimizing vec-
tor delivery to TG of mice by varying the vector type
and route of application. Balb/C mice (n = 52) were
used primarily for these experiments; however, oth-
er strains of mice (CD-1 [n = 7], Webster [n = 7],
and C57bl/6 [n = 3]) were also used to assess and
validate the efficiency of vector delivery. Since there
was a negligible effect of mouse strain on vector de-
livery relative to the mode of delivery (topical vs injec-
tion), results were combined into application groups
regardless of mouse strain. Replication-conditional
and replication-defective vectors were administered
by either subcutaneous injection into the whisker pad
or topical application following light abrasion of the
whisker pad. The quantity of vector DNA present in
TGs, collected from euthanized mice 3 days postin-
oculation, was determined by gPCR.

As shown in Fig 1, the viral load delivered by 3
to 4 days after topical application of the condition-
al vector (KHZ) was approximately 100,000 vector
genomes/ipsilateral TG, regardless of the method of
abrasion to the epidermis. In contrast, the amount of
defective vector (D3GFP) DNA in the TG after topi-
cal application was nearly three orders of magnitude
lower. Subcutaneous injection of either the condi-
tional (KHZ) or defective (D3GFP) vectors resulted in
substantially reduced loads detected in the TG (1-2
orders of magnitude) compared with topical delivery.
These data indicate that the seeding of the TG bene-
fits from conditional vector replication in the epitheli-
um following topical treatment. Also, uptake from the
nerve endings superficially in the epithelium rather
than in subcutaneous tissue plays a role in optimal
vector delivery to the TG.

Anatomical Distribution of the Vector and
Duration of Transgene Expression

Since optimal transgene delivery to the TG was ob-
tained with replication-conditional vectors following
topical treatment, this method was employed for de-
livery of vectors to assess anatomical distribution.
Neuronal tissues (TG, medulla, pons, cortex, mid-
brain) and the lacrimal gland, which is also innervated
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Fig 1 Efficiency of replication “conditional” KHZ and “defec-
tive" D3GFP vector delivery to the mouse trigeminal ganglion
(TG). Mice were treated with replication-conditional vector KHZ
(8.0 X 10° PFU in 10 pL) and replication-defective vector
D3GFP (3.0 X 107 PFU in 10 pL) by subcutaneous injection
(sc) into the whisker pad or topically following light abrasion of
the whisker pad with a needle (T/N), Dremel (T/D), or Dermapen
(T/DP). DNA was purified from ipsilateral TGs 3 to 4 days follow-
ing administration. *P < .05 with respect to the first (left most) bar,
ie, KHZ applied topically following light abrasion with the needle.

by the V2 branch of the trigeminal nerve, were har-
vested on day 3, week 2, and week 3 following topical
application of KHZ and KHPE replication-condition-
al vectors. Total DNA was purified and the absolute
vector DNA copies were determined. As shown in
Fig 2a (dark bars), the amount of conditional vector
DNA in the TG was stable over 3 weeks, with aver-
ages ranging from 45,000 to 98,000 copies per TG
(average approximately 60,000 copies). In contrast,
vector was detected in the pons (light bars) and me-
dulla (empty bars) at day 3 postapplication but was
below the level of quantification (ie, < 10 copies/tis-
sue) 2 to 3 weeks postapplication (Fig 2a). Similarly,
vector DNA was detected at substantial amounts at
day 3 in the midbrain (3.5 X 103), cortex (5.1 X 103),
and lacrimal glands (8.8 X 10%) but decreased below
the level of quantification by week 2 (data not shown).

Since the primary objective was to deliver thera-
peutic genes to the TG, it was important to determine
if the vector DNA identified in the TG was actively
transcribed and for how long. In addition, assessment
of vector gene expression in nontarget tissues could
help explain the transitory nature of vector in these
tissues. Total RNA was purified and cDNA was syn-
thesized from the same tissues described in Fig 2a.
The relative level of gene expression was determined
by quantification of the cDNA complementary to the
HSV-1 latency-associated transcript (LAT) and the

Journal of Oral & Facial Pain and Headache 45

© 2016 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Ma et al

TG DPons DMeduIIa

1,000,000
100,000
10,000
1,000
100
10 *k k% *k k% *k k%
3-4d

Average vector copies/tissue
(+1 SEM)

Time 2 wk 3 wk
Vector KHPE KHPE
n= 0 | 8 5 9

a

[ JHsviar [ DEN
5 1,000,000
=
= . 100,000 T *
§3 T *
32
[ 0]
© & 10,000
o2
® O
@< 1,000 *
o =2
o3
2= 1007
=
[0}
o 10 *
Time | 3-4d | 2wk 3 wk
Vector KHPE KHZ | KHPE
n= 0 | 8 5 9
b

Fig 2 Tissue distribution of vector DNA. Vectors KHPE and KHZ were topically applied to the whisker pads of mice. Nucleic acid was
purified from trigeminal ganglion (TG), pons, and medulla 3 days to 3 weeks after vector treatment. (a) Vector DNA was quantified by
gPCR and average copies per ipsilateral tissue are shown as indicated. *P < .05 with respect to the TG day 3—4 data; **P < .01 with
respect to pons or medulla day 3—4 day data. (b) cDNA was synthesized from RNA purified from the same tissues, and amounts of la-
tency-associated transcript (LAT) and hENK cDNAs were quantified by gqPCR. Average copies of LAT and hENK cDNA + SEM derived
from TGs are shown as indicated. *P < .05 with respect to day 3—4 data.

KHPE vector-encoded hENK transgene. As shown in
Fig 2b, the LAT transcript was detected in the TG, as
expected, on day 3 after vector treatment and reached
peak levels within 2 weeks. The LAT expression levels
were 90 to 200 times higher at 2 and 3 weeks post-
treatment than at day 3 posttreatment. In contrast, lev-
els of hENK transgene mRNA were relatively similar in
the TG at day 3 and week 2 postapplication of KHPE
and declined by week 3, ie, hENK transgene expres-
sion levels at day 3 and week 2 were 3.5 to 6.5 times
that of week 3 levels. Importantly, no hENK message
was detected in animals treated with the control vector
(KHZ) expressing B-galactosidase (Fig 2b) or vehicle
controls (data not shown). Also, amounts of LAT and
hENK cDNA were below the level of quantification
(< 1 copy cDNA/mL) in cDNA generated from RNA
derived from the pons, medulla, midbrain, cortex, and
lacrimal gland on day 3 or week 2 after vector applica-
tion (data not shown). These findings indicate that the
vector is stably maintained and primarily expressed in
the TG, whereas the vast majority of vector found in
the pons, medulla, midbrain, cortex, and lacrimal gland
remains cytoplasmic (ie, since it was transcriptional-
ly inactive), where it is unstable and eliminated over a
rather short period of time.

Transgene Expression Occurs in TG Neurons

Since conditional vectors were primarily transcrip-
tionally active in the TG, immunohistochemistry
was used to determine (7) if transgene expression
was limited to the innervating neurons; (2) the num-
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ber of TG neurons producing detectable levels of
transgene; and (3) if the vectors were capable of
spreading to adjacent satellite glial cells. To avoid
cross-reactivity with endogenous mouse enkephalin,
these experiments were performed with the repli-
cation-conditional control vector expressing E coli
B-galactosidase (KHZ) rather than the therapeutic
vector expressing hENK (KHPE). At day 3 postap-
plication, B-galactosidase immunoreactivity was de-
tected in 5 to 25 neurons per TG located in the V2
portion of the TG by using a B-galactosidase-spe-
cific antibody (Figs 3a and 3b). Although most sec-
tions were devoid of B-galactosidase staining, one
to three positive-staining large cells consistent with
the morphology of neurons were detected in sever-
al sections. Importantly, vector transgene was not
detected in the smaller satellite glial cells and there
was no evidence of vector spread to neighboring
neurons. Immunoreactive HSV-1 infected cell protein
was detected in the B-galactosidase positive-stain-
ing neuronal cells as determined in consecutive
sections (Figs 3b and 3c); however, staining was
generally of lower intensity than that for B-galac-
tosidase. Between day 3 and day 10, the ability to
detect vector-positive cells decreased. Only a single
neuron producing detectable levels of B-galactosi-
dase and HSV-1 infected cell proteins was observed
among the TGs (n = 3) harvested 10 days after vec-
tor application (Figs 3d and 3e, respectively). Also,
positively staining neurons were not detected in TGs
(n = 3) 20 days postapplication (data not shown).
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Fig 3 Viral expression in the
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Fig 4 KHPE reduced mechanical hypersensitivity. Mechanical allodynia was evident on the ipsilateral whisker pad prior to vector delivery.
Ipsilateral whisker pads of trigeminal inflammatory compression (TIC) mice were then treated topically with experimental vector KHPE
(n = 12), control vector KHZ (n = 7), or vehicle control (n = 5) at 8 days post-TIC. Behavioral changes were determined on ipsilateral
(a) and contralateral (b) whisker pads twice a week for 17 days after vector treatment (pt) (ie, 25 days post-TIC) and are presented as

means £ SEM. *P < .05. Note scale differences.

Topical Application of hENK-Expressing
Vector Attenuates Mechanical Allodynia
Induced by TIC

As a final step, the efficacy of proenkephalin overex-
pression, via a single application of KHPE to mouse
whisker pads, for alleviating chronic orofacial pain—
related behavior was determined. In this experiment,
KHPE served as the treatment group and KHZ and
vehicle as controls. As expected, by day 7 following
compression nerve injury, the 50% mechanical thresh-
old of the ipsilateral whisker pad was reduced to 0.05
g compared to 2.75 g on the contralateral side, indi-
cating hypersensitivity (data not shown). On day 8 (e,
1 day after confirmation of mechanical allodynia), the
ipsilateral whisker pads of TIC-injured mice were light-

ly abraded and treated with the KHPE vector (exper-
imental group), KHZ vector (vector control group), or
isotonic saline (vehicle control group). As shown in Fig
4a, KHPE-treated mice demonstrated attenuated pain
thresholds, ie, decreased facial mechanical hypersen-
sitivity on days 3 to 10 posttreatment, whereas contra-
lateral whisker pads were unaffected (Fig 4b). There
was no significant difference in mechanical threshold
between the KHZ vector control and saline vehicle
control groups, so the two combined groups served as
the control group. The average mechanical thresholds
of KHPE-treated mice were 5.3, 3.8, and 3.2 times
that of control mice on days 3, 7, and 10 posttreat-
ment, respectively. Alleviation of mechanical hypersen-
sitivity waned by day 13 and day 17 posttreatment.
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Fig 5 A viral vector pump delivered to the mouse trigeminal ganglion by vector at peripheral application
to facial tissues produced KHPE for 2 to 3 weeks and inhibited mechanical allodynia in whisker pad
caused by trigeminal inflammatory compression injury. ENK = enkephalin; HSV = herpes simplex virus.

Discussion

Identification of methods that provide relief for indi-
viduals suffering from chronic neuropathic pain in tri-
geminally innervated regions that are unresponsive to
contemporary treatment is important. Although effica-
cy of gene therapy for alleviating pain occurring “be-
low the neck” has been evaluated rather extensively,
few studies have described efforts targeting facial
areas innervated by the trigeminal nerve. The primary
objective of this study was to exploit the natural ability
of HSV-1 to infect terminal nerve peripheral endings,
travel to the nerve cell nucleus via retrograde axonal
transport, and be maintained in a nonreplicative state
long-term (Fig 5), as has been previously shown.!°-'®
The study findings have demonstrated that HSV-1
based replication-conditional vectors (7) are more
efficient in delivery to TG neurons than replication-
defective vectors; (2) are more efficiently delivered
to TG neurons following topical application to slight-
ly abraded whisker pads compared to subcutaneous
injection; (3) are maintained and remain transcription-
ally active for at least 3 weeks in TG neurons; (4) are
transiently present in a nonexpression state in oth-
er tissues; and (5) can significantly reduce ongoing
pain-related behavior caused by previous nerve injury
in the mouse.

The natural properties of HSV-1 have been ex-
ploited to deliver therapeutic genes to nerve cells by
targeting their peripheral nerve endings, as previous-
ly reviewed.®? In order for such neuronal-targeting
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vectors to be used for treatment of chronic oral and
facial pain, it is important to determine if the most
replication-compromised HSV-based vector (ie,
replication-defective) and the least invasive route of
delivery (ie, subcutaneous injection vs topical appli-
cation to abraded skin) could be used to efficient-
ly deliver vector to the TG. Findings from this study
have shown that the replication-defective vector
D3GFP can be delivered to the mouse TG following
subcutaneous injection into the whisker pad, but the
amount of vector may be two orders of magnitude
less than subcutaneously injected replication-con-
ditional vector KHZ. Delivery of defective vector
D3GFP to the TG was enhanced 10-fold by applying
the vector to the whisker pads after light abrasion
with a 25-gauge needle. Remarkably, the amount
of replication-conditional vector KHZ in the TG fol-
lowing topical application was nearly three orders of
magnitude more than that of the defective vector and
50 times that of the conditional vector after subcuta-
neous injection. Application of KHZ to whisker pads
after light skin perforation with a Dermapen or brief
treatment with a Dremel resulted in similar TG vec-
tor loads as that following abrasion with a 25-gauge
needle. Importantly, topical application of the control
replication-conditional vector KHZ as well as that of
the experimental vector KHPE resulted in delivery of
vector DNA to the TG, which was stably maintained
for at least 3 weeks. These results demonstrate that
replication of the conditional vector in the epithelium
near nerve endings rather than their axons is import-



ant for maximal delivery of vector to the TG, and that
topical application, regardless of the method of light
abrasion, is substantially superior to subcutaneous
injection.

The requirement of TK- HSV-1 for viral replication
in terminally differentiated TG and dorsal root gan-
glionic neurons is well established.®"'® However, the
ability of TK- HSV-based vectors to persist and/or
replicate in other tissues has not been reported. Since
TK- HSV-based vectors, after administration at pe-
ripheral sites, can replicate in epithelium and migrate,
it was important to examine the fate of such vectors
at sites innervated by the V2 branch of the trigeminal
nerve. An average of approximately 60,000 copies of
KHPE vector DNA were detected in mouse TGs 3
days posttreatment and were maintained at high levels
over the 3-week period of analysis. Notably, substantial
amounts of KHPE vector DNA were also detected in
the pons, medulla, midbrain, cortex, and lacrimal gland
at days 3 and 4 after vector application. However, the
presence of vector in these nontarget tissues was
transitory, such that vector DNA was only rarely de-
tected in trace quantities by 2 weeks posttreatment
and beyond. Although it is not clear how vector DNA
deposited in the lacrimal gland, it is possible that this
may have resulted from vector transfer from the whis-
ker pad to the eye during animal grooming.

To determine the kinetics of vector gene expres-
sion in the TG, cDNA was generated from RNA iso-
lated from the same tissues used for vector DNA
quantification. As expected, the expression of HSV-1
LAT and the hENK transgene were readily detected
in TGs of KHPE-treated mice. LAT expression lev-
els were 90 to 200 times higher at 2 and 3 weeks
posttreatment than at day 3 posttreatment, where-
as hENK transgene expression levels at day 3 and
week 2 were 3.5 to 6.5 times that of week 3 levels.
Only trace amounts of vector-transcribed RNA were
detected in the pons, medulla, and lacrimal gland
examined on day 3 posttreatment, indicating that
the TK- HSV-based vector was only poorly, if at all,
transported to, or transcribed in, the nuclei of cells
of these tissues. |Immunohistochemical staining of
the KHZ-treated TGs demonstrated that relatively
few neurons (0 to 3 per section) produced detect-
able levels of HSV-infected cell peptide or transgene
(B-galactosidase) antigen, consistent with that found
by others with TK- HSV-1 recombinant viruses fol-
lowing peripheral inoculation.'®'® Similarly, there was
no indication of vector expression in satellite cells or
replication and spread of the HSV-based vector in
the TGs at the limits of detection with immunohisto-
chemistry. The finding that the replication-conditional
HSV-1 vectors were limited to the sensory neurons is
consistent with several previous studies.'®"'® Also the
minimal, but statistically significant, analgesic effect
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of KHPE delivered by HSV-1 vector in the TIC model
is likely reflective of the small number of vector-trans-
duced neurons found in the TG.

The basis for this investigation is that (7) few
studies have targeted vector delivery to the trigemi-
nal region and (2) no studies involving orofacial pain
gene therapy have applied vectors after the estab-
lishment of pain. Therefore, this study has provided
insight into the efficacy of gene therapy for alleviat-
ing ongoing facial pain following its establishment.
Here it was demonstrated that a single application of
a replication-conditional HSV-based vector can sig-
nificantly diminish pain-related behavior induced by
injury to the mouse infraorbital nerve, as indicated by
mechanical hypersensitivity of the whisker pad. The
effect observed was 3 to 5 times less mechanical hy-
persensitivity than that of control TIC mice. Although
the effects were transitory, lasting from 3 to 10 days
after vector application, this is the first report in which
a gene therapeutic approach reduced pain-related
behavior in an established chronic facial pain model
in mice. Whether the cutaneous neuronal nerve end-
ings are the correct target site for vector delivery and
whether other transgenes may prove more beneficial
are questions to be addressed in future studies.

An important feature of the TIC model in mice is the
minimal nerve damage that causes ipsilateral hyper-
sensitivity. As described previously, the TIC model
causes edema and myelin injury only in the nerve fas-
cicles adjacent to the 2-mm chromic gut suture and
does not impede blood flow. A similar report in mice
also found a loosely tied infraorbital nerve (ie CCI-
ION model) provided only insignificant hypersensitivity
contralaterally.®? These mice models are in contrast to
the original and many subsequent reports of bilateral
hypersensitivity with the CCI-ION model in rats, which
causes more demyelination and nerve injury after the
entire nerve is tied.®® The anti-nociceptive effective-
ness for the mechanical sensitivity relief is also consis-
tent with that described in the literature.*

A limitation of the study was the use of male mice
only. Data from female mice could be confounded by
an increase in variability influenced by daily hormonal
fluctuations. Female mice should be included in fu-
ture studies in which such potential confounds are
controlled.
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