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1 | INTRODUCTION

Feline herpesvirus 1 (FHV-1) is a common cause of ocular and upper

Background: Feline herpesvirus-1 (FHV-1) infection can result in serious morbidity and mortality,
especially in kittens. Immunotherapy using liposome-toll-like receptor (TLR) ligand complexes
(LTC) has been shown to activate innate immune responses.

Objectives: To determine in kittens whether mucosal administration of LTC before FHV-1 inoc-
ulation would decrease severity of clinical signs and decrease quantities of FHV-1 DNA in mate-
rials collected on oropharyngeal swabs.

Animals: Nineteen, 14-week-old, purpose-bred kittens.

Methods: Pilot clinical trial with 2 groups of kittens allocated to either an LTC or control group.
The LTC were administered into both nares and the oropharynx of the 12 LTC group kittens,
and all 19 kittens were inoculated with FHV-1 24 hours later. Clinical scores were determined
daily for 28 days, and oropharyngeal mucosal materials were collected every 7 days to assess
FHV-1 DNA quantities for comparison between groups.

Results: Conjunctivitis was more common in kittens in the control group on Days 15-28
(P = .01) and Days 1-28 (P = .02). Total respiratory scores were higher in the LTC group on days
15-28 (P = .03). The LTC group had significantly decreased FHV-1 DNA on swabs when com-
pared to the control group on some postinoculation days, using 2 methods of calculation.
Conclusions and Clinical Importance: Administration of LTC to kittens was shown to decrease
FHV-1 DNA and some manifestations of illness in kittens when administrated 24 hours before

inoculation, suggesting clinical benefit.
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FHV-1 provides incomplete immunity.>~® Clinical signs of FHV-1 infec-

tion can be reactivated with repeat exposure, after induction of stress,

or after administration of immunosuppressive drugs.lo'12

respiratory infections in cats and can be a major cause of morbidity and
sometimes mortality, especially in young kittens.X~> Prior administration

of FHV-1 vaccines may lessen illness if exposed, but vaccination against

Abbreviations: Cl, confidence interval; FHV-1, feline herpesvirus-1; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; LTC, liposome-toll-like receptor
complex; OR, odds ratio; pDNA, noncoding plasmid DNA; gPCR, quantitative
polymerase chain reaction; TLR, toll-like receptor.

One study showed that after FHV-1 challenge, a significant
decrease in clinical scores was noted in kittens as soon as 4 days after
administration of 1 dose of an intranasal vaccine, and this decrease
occurred before development of specific FHV-1 immune responses.”
Administration of an intranasal FHV-1 vaccine was shown to induce
cross protection against Bordetella bronchiseptica, a primary bacterial

pathogen in cats that was not contained in the vaccine.’® These
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findings suggested that intranasal administration of these 2 vaccines
had induced nonspecific immune responses that imparted a positive
effect against the primary pathogen. This result supports continued
work to evaluate stimulation of innate immunity for protection against
infections in cats.

Toll-like receptors are evolutionarily conserved receptors that activate
cellular immune defenses against a variety of different pathogens.}4-1¢
Viruses and bacteria express specific molecular structures that are capa-
ble of activating toll-like receptors 3 (TLR3) and TLRY, respectively.141¢
Given that TLR activation can generate nonspecific protection from
infections, several different approaches to developing immunotherapeu-
tic agents that activate TLR pathways have been developed for generat-
ing protective immunity. One widely studied immunotherapy platform is
based on triggering innate immune responses using TLR9 agonists com-
plexed to cationic liposomes, which greatly enhances the activity of the
TLR9 agonist.2”*® In a number of animal challenge studies, parenteral
or inhalational administration of liposomal-TLRY complexes generated
complete or nearly complete protection against highly virulent bacterial
and viral pathogens.'?"24 In addition, administration of liposome-TLR9
complexes to cats with chronic rhinitis also was shown to alleviate
some clinical signs of illness.?®

Recently, a new formulation of a liposome-TLR complex (LTC)
was developed that includes a TLR9 agonist, a TLR3 agonist, and
methylcellulose as a mucosal adhesive agent.?® In a study of healthy,
purpose-bred cats, cytokine and cellular immune responses to this
LTC were evaluated in vitro and in vivo. Quantitative polymerase
chain reaction (qPCR) assays, ELISA assays, and flow cytometry were
used to evaluate nasal lavage specimens and pharyngeal swabs.2® In
that study, the in vitro experiment showed that the LTC rapidly acti-
vated cat leukocytes, including upregulation of costimulatory mole-
cules and cytokine production. The in vivo experiment showed that
topical administration of the LTC triggered rapid recruitment of mono-
cytes to the nasal and oropharyngeal mucosa in the healthy cats.
Based on the results from these in vivo and in vitro experiments in
healthy cats, the objective of our pilot study was to determine
whether mucosal administration of LTC before FHV-1 challenge could
decrease the severity of clinical signs, hasten resolution of clinical
signs, and decrease FHV-1 DNA shedding in the kittens. Our primary
hypothesis was that administration of LTC before FHV-1 challenge

would induce positive clinical outcomes to infection.

2 | MATERIALS AND METHODS

2.1 | Animals

Nine female and 10 male, 14-week old, purpose-bred nonvaccinated
domestic shorthair kittens were included in this 28-day pilot study.
Before the start of the study, all kittens were serologically negative
for FHV-1, and pharyngeal swab samples obtained from each kitten
were negative for DNA of FHV-1 by PCR assay (Center for Compan-
ion Animal Studies, Colorado State University, Fort Collins, Colorado).
Before the start of the study, gonadectomies were performed in each
of the males (19 days) and 6 randomly selected females (26 days).

2.2 | LTC formulation

Cationic liposomes (1,2-dioleoyl-3-trimethylammonium propane; Avanti,
Alabaster, Alabama), poly I:C (InVivoGen, San Diego, California), and
pDNA (noncoding commercial plasmid PCR2.1; Thermo-Fisher,
Waltham, MA) were mixed, followed by addition of carboxymethylcel-
lulose (Sigma-Aldrich, St. Louis, Missouri). This LTC formulation has

been described in previous experiments in healthy cats.2

2.3 | Study design

The 19 study animals were divided into 2 separate rooms that varied
in size with the smaller room housing the LTC group (n = 7; 3 intact
females and 4 neutered males) and the larger room housing the
untreated control group (n = 12; 6 neutered females and 6 neutered
males). The dissimilar group sizes and rooms were used because of a
previously planned study that included the 12 control cats.*’ The
kittens were housed and cared for in accordance with a protocol
approved by the Institutional Animal Care and Use Committee at the
contract research facility.

Five days before the start of the study, the kittens were moved
into their respective rooms. Twenty-four hours before FHV-1 inocula-
tion, the kittens in the LTC group were given 0.2 mL of the LTC in
each nare and 0.6 mL in the caudal oropharynx, and the control group
was not treated. On Day O of the study, each of the 19 animals was
sedated using the facility protocol and inoculated with 1 x 10> tis-
sue culture infective dose (TCID-50) of a strain of FHV-1 originally
obtained from the US Department of Agriculture, divided equally

between the nares and oropharynx.®?

2.4 | Clinical monitoring

Two trained observers (masked as to assignment of animals to the
study groups) assessed the kittens for 30 minutes at approximately
the same time every morning beginning on Day O before FHV-1 inoc-
ulation and continuing through Day 28 postinoculation. Observers
used a clinical score sheet adapted from other FHV-1 vaccination or
treatment studies (Table 1).”*° Body temperatures were determined
by microchip.?” Increased body temperature was defined as >102.5°F
(39.2°C), and pyrexia therefore was classified as present or absent per
kitten per day. Body weights were measured weekly. Overall health
was monitored daily by 1 of the study investigators. The protocol
included a rescue clause for those kittens that developed moderate to
severe signs of FHV-1 and loss of appetite for 48 hours. Daily appe-
tite during severe illness days was determined by interest in and will-
ingness to consume a canned food formulated for critical care use
(Hill's Prescription Diet a/d, Topeka, Kansas), which was offered in
equal small quantities to the kittens in each room. Supportive care
and treatment that could be administered included SC fluids, bupre-
norphine for discomfort, topical cidofovir, or PO famciclovir as needed
as determined by the investigators.

2.5 | Laboratory evaluations

On Days 7, 14, 21, and 28, mucosal cells were collected from the

caudal pharynx of each kitten using manual restraint without sedation.
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TABLE1 Clinical scoring rubric applied by 2 trained observers to
each kitten daily for 28 days

Clinical sign Score
Conjunctivitis 0 = None

1 = Mild

2 = Moderate

3 = Severe
Blepharospasm 0 = None

1 = Eye < 25% closed
2 = Eye 25%-50% closed
3 = Eye 50%-75% closed
4 = Eye completely closed
Ocular discharge 0 = None
1 = Mild serous (clear) discharge
2 = Moderate mucoid (white) discharge

3 = Severe mucopurulent (moist yellow-
green) discharge

Body temperature 0: <102.5
(microchip) 1: 1025
Cough 0 = None
1 = Observed
Sneezing (yes/no) 0 = None
1 = Observed
Nasal discharge 0 = None
1 = Mild serous (clear) discharge

2 = Moderate mucoid (white) discharge

3 = Severe mucopurulent (moist yellow-
green) discharge or hemorrhagic
(bloody/red) discharge

0 = None (no congestion present; able to
breathe through both nares without
difficulty)

1 = Mild/minor congestion (barely audible;
audible on close listening, subtle snoring
sounds on inhalation ANY time during
the observation period

Nasal congestion (if score
varies during observation
period, record highest
score observed)

2 = Moderate congestion (easily audible;
consistently audible throughout
observation period; audible snoring
sounds on inhalation or expiration that
are likely to originate from the nasal
cavity)

3 = Severe congestion (audible across the
room, with or without open mouth
breathing; minimal nasal air flow noted
from 1 or both nares after local debris is
cleared away)

Swabs were stored at —80°C until assayed in batches. Total DNA was
extracted from the oropharyngeal swabs and evaluated for DNA of
FHV-1, DNA of the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene, and feline 28S ribosomal DNA by qPCR as previously
described.?®?° Results of the FHV-1 gPCR assay were expressed as
the ratio of FHV-1 DNA/GAPDH DNA in an attempt to standardize
specimens and ensure sample adequacy by presence of GAPDH in the
sample. To verify findings between groups of cats using the FHV-1/
GAPDH ratio calculation, the delta-delta Cq method was used to com-
pare FHV-1 to 28S results and then compared between groups in the

statistical analyses.>°

f
Ve icine

2.6 | Statistical analysis

Soon after the FHV-1 challenge and onset of clinical signs in study
animals, it was determined that sneezing and nasal congestion were
being underestimated in the control group because of the larger num-
ber of kittens (n = 12). Thus, the scorers were unable to reliably cap-
ture sneezing and nasal discharge occurrences in the larger study
group. Sneezing and nasal congestion therefore were excluded from
all subsequent data analyses.

Three time periods were used for data analysis: Days 1-14,
15-28, and 1-28. Observation occurrences were defined as the num-
ber of times a clinical sign (Table 1) was observed to be present within
a time period and group. For each 14-day time period, the LTC group
had 98 possible observation occurrences and the control group had
168 possible observation occurrences. For the 28-day time period,
the LTC group had 196 possible observation occurrences and the con-
trol group had 336 possible observation occurrences. Total scores
were calculated for each kitten each day by adding the individual clini-
cal score variables recorded for that day, excluding sneezing and nasal
congestion as described above (Table 1). Total ocular scores were cal-
culated as the sum of conjunctivitis, blepharospasm, and ocular dis-
charge. Total respiratory scores were calculated as the sum of nasal
discharge and cough. Total clinical scores were calculated as the sum
of total ocular, total respiratory, and pyrexia scores. The presence ver-
sus absence of severe ocular disease and severe respiratory disease
were recorded on each day that a kitten's total ocular or total respira-
tory score was >2. The presence of severe total clinical disease was
recorded on each day that the kitten's total clinical score was >3. Day
of illness resolution was defined as the study day on which total clini-
cal score was <2 and remained as such.

Descriptive statistics were calculated. Clinical scores were expressed
as frequencies (presence or absence) of observations and total ocular,
respiratory, and clinical scores as well as the FHV-1/GAPDH ratios
were expressed as median, mean, and range. Continuous variables
including change in body weight and day of illness resolution also were
expressed as median, mean, and range. The Shapiro-Wilk test was used
to evaluate outcome variables for normality. Because of nonnormal dis-
tribution of variables and clinical outcome ordinal data, the Wilcoxon
rank sum test was used to compare median clinical scores between the
LTC group and the control group for each of the 3 time periods; FHV-1/
GAPDH ratios and FHV-1 to 28S results on Days 7, 14, 21, and 28; and
body weight changes. The number of days to illness resolution also
was evaluated using Kaplan-Meier curves and compared between the
groups using the log-rank test for equality of survivor functions. The
proportions of observations of the dichotomous (presence or absence)
clinical variables of pyrexia, severe ocular, severe respiratory, and
severe total clinical scores were compared between the LTC group and
the control group using a 2-tailed Fisher exact test. To control for lack
of independence among observations because of repeated measure-
ments on the same kitten over time, mixed model regression analyses
were used, using ranked data for continuous variables. Conjunctivitis
and nasal discharge were converted to dichotomous variables of pres-
ence or absence for mixed model logistic regression analyses. Odds
ratios (OR) and 95% confidence intervals (Cl) were calculated for some

variables. Commercially available software (Stata Statistical Software:
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Release 14; StataCorp 2015, College Station, Texas, StataCorp LP) was
used for all comparisons. Significance was defined as P < .05.

3 | RESULTS

3.1 | Clinical findings

All 19 study kittens exhibited clinical signs of FHV-1 infection after
inoculation. All kittens had a minimum of 12 days of observation with
a total clinical score >0 and a minimum of 3 days of observation with
a total clinical score >1. Subcutaneous fluids at 15 mL/kg were
needed for 1 LTC group kitten on Day 9 and 1 control group kitten on
Day 10. No other rescue treatments were needed. Pyrexia, ocular dis-
charge, and nasal discharge occurred in all 19 kittens on at least
1 day. Conjunctivitis and blepharospasm occurred on at least 1 day in
all 7 LTC kittens and in 11 of 12 control group kittens (overall 95% of
kittens). Coughing was rare and was only observed in 1 LTC group kit-
ten on Day 6, 3 control group kittens on Day 6, and in an additional
control group kitten on Day 10.

Analysis of a number of clinical variables including total clinical
score, ocular discharge, blepharospasm, and severe total respiratory
disease (results not shown) did not identify statistically significant dif-
ferences when comparing the LTC group to the control group. Pyrexia
occurred at 54 of 168 control group observation points (32.1%) and at
21 of 98 LTC group observation points (21.4%) during Days 1-14
(P = .07). On Day 28 of the study, the group median body weight had
increased more for the LTC group than for the control group, but the
difference was not statistically significant (P = .08).

Conjunctivitis scores 21 were detected more frequently in the
control group when compared to the LTC group on Days 1-14 (30%
versus 16%; P =.01), Days 15-28 (29% versus 10%; P < .001), and
Days 1-28 (29.5% vs 13%; P < .001). After controlling for lack of inde-
pendence because of repeated measurements on the same kitten over
time (Figure 1), the odds of having conjunctivitis were greater among

kittens in the control group as compared to kittens in the LTC group
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FIGURE1 Percentages of observations with conjunctivitis after

FHV-1 inoculation of cats administered an LTC and an untreated
control group. *P-values are from adjusted logistic regression model;
y-axis represents percentage of daily kitten observations in which
conjunctivitis was observed. FHV-1, feline herpesvirus-1; LTC,
liposome-toll-like receptor complex

on Days 15-28 (OR, 4.4; 95% Cl, 1.4-14; P = .01) and Days 1-28
(OR 3.1; 95% Cl, 1.2-7.6; P = .02).

Total respiratory scores were higher in the LTC group compared to
the control group on Days 15-28 (P < .001) and Days 1-28 (P < .001).
After controlling for lack of independence, total respiratory scores
were higher in the LTC group when compared to the control group on
Days 15-28 (P = .03). However, all cats had total respiratory scores of
<2 by Day 28.

For some clinical variables, statistical differences were detected
between the LTC and control groups until the results were controlled
for lack of independence because of repeated measurements on the
same kitten over time. Total ocular score on Days 15-28 (P = .04),
severe total clinical disease score on Days 1-14 (P = .03), and severe
ocular disease score on Days 1-14 (P = .02) were higher in the control
group compared to the LTC group until controlled for lack of indepen-
dence. In addition, nasal discharge scores were higher in the LTC
group compared to the control group on Days 15-28 (P = .04), until
controlled for lack of independence.

In the LTC group, 4 kittens had a total clinical score of <2 by Day
28 although the other 3 kittens were clinically well but had total clini-
cal scores of 2. In contrast, all 12 kittens in the control group had total
clinical scores <2 on Day 28. When the cats with resolution of clinical
disease by Day 28 were compared, the LTC group had a median of
17.5 days (range, 10 to >28) to resolution of illness compared to the
control group kittens with a median of 23 days (range, 20-28). The
days to resolution did not differ statistically (P = .18) between groups.

3.2 | FHV-1/GAPDH ratios and FHV-1 to 28S

results

Detectable FHV-1/GAPDH ratios >0 were detected on at least 3 of the
4 dates of sample collection for 6 kittens in the LTC group and all 12 kit-
tens in the control group. The largest amount of FHV-1 DNA was recov-
ered on Day 7 for all kittens. The amount of FHV-1 DNA recovered was
significantly higher in the control group on Day 21 (P =.04), Day
28 (P = .002), and when results from Days 21 and 28 were combined
(P = .001). A total of 71 swabs (26 from the LTC group and 45 from the
control group) contained quantifiable GAPDH and thus were used in this
analysis. The FHV-1/GAPDH ratios did not differ between the groups
on Days 7, 14, and 28 (Figure 2). On Day 21, the control group had sig-
nificantly higher FHV-1/GAPDH ratios as compared to the LTC group
(P = .04). When the results from Days 21 and 28 were combined, the
control group had significantly higher FHV-1/GAPDH ratios as compared
to the LTC group (P = .01; Figure 2). When the analyses were repeated
using results of the FHV-1 to 28S calculation to verify the results from
the FHV-1/GAPDH ratios (data not shown), the control group was signif-
icantly higher as compared to the LTC group on Day 28 (P = .001) and
when the results from Days 21 and 28 were combined (P = 0.005).

4 | DISCUSSION

All kittens in the study experienced acute clinical signs of FHV-1 infec-
tion, and all had measurable shedding of FHV-1 DNA documenting
induction of FHV-1 infection. Our findings documenting an LTC
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FIGURE2 FHV-1/GAPDH ratios as detected by quantitative
polymerase chain reaction from pharyngeal swabs of cats inoculated
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treatment effect on the course of FHV-1 infection include significantly
less conjunctivitis in the LTC-treated kittens and decreased shedding of
FHV-1 DNA on some postinoculation days using 2 methods for calcula-
tion of results. Among other findings, including pyrexia, body weight,
total ocular scores, severe total clinical disease scores, and severe ocular
disease, the clinical scores also were consistent with a positive LTC treat-
ment effect, but statistical significance was lost after adjusting for
repeated kitten observations over time. The loss of statistical significance
after this adjustment likely can be attributed to small sample sizes.3!
Additional studies are indicated to determine whether these findings
would show statistical significance with larger numbers of animal.

Prior studies in cats and rodent models can help explain mecha-
nistically why LTC treatment may lessen some clinical signs of FHV-1
and decrease shedding of viral DNA. For example, research in healthy
cats demonstrated that PO and intranasal administration of LTC signifi-
cantly activated immune responses locally in the mucosa of cats, as
reflected by recruitment of activated monocytes into the nose and
oropharynx.2¢ In addition, production of several key antiviral and anti-
bacterial cytokines was triggered by LTC treatment, including IFN-y,
IFN-q, and IL-12.2% Previous studies in rodents and dogs also have
defined the immune mechanisms of action of LTC, which include acti-
vation of monocytes and dendritic cells, production of Th1 cytokines,
and stimulation of NK cell activation and proliferation.'”:172%22 The
TLR3 pathway in particular is important in innate immune defense
against viral infections.>2 For example, it also has been shown that
deficiency of TLR3 in humans can be associated with susceptibility to
herpes simplex virus 1 encephalitis.>®

When normal cats were given LTC, most of the immunological
effects were noted within hours to days after administration.?® In the
study described here, however, significant decreases in FHV-1 DNA
shedding and some clinical abnormalities (especially ocular signs) sug-

gest a delayed effect induced by LTC. These findings also may relate

Journal of Veterinary Internal Medicine AC\.‘?HM 835

Open Access,

Vet
to the large infective dose of FHV-1 administered to the kittens,
because a higher infective dose is associated with a longer duration of
viral excretion.®* In future studies, a natural model of infection may
show different magnitude and timing of potential treatment effects.

Detection of higher total respiratory scores in the LTC group com-
pared to the control group on Days 15-28 was unexpected because
that also was the time that significant decreases in FHV-1 DNA shed-
ding in the LTC group occurred. The difference between groups related
primarily to the finding of nasal discharge scores of 2 or 3 being
reported in 21% of the LTC observations compared to only 2% for the
control cats. These findings are unlikely to relate merely to direct irrita-
tion induced by the LTC because when tested on healthy cats, healthy
dogs (unpublished data), and healthy cattle (unpublished data), no
adverse clinical signs such as nasal discharge have been recognized.?
Although TLRs activate the protective antiviral immune response and
recruitment of cells that produce the chemokines and cytokines respon-
sible for limiting infective load, the severity of inflammation induced by
a pathogen potentially could be magnified in some animals.1%>> Thus, a
possible explanation for the transient higher nasal discharge scores on
Days 15-28 in the LTC group could be related to overstimulation of
immune and inflammatory responses against FHV-1.2%3> This finding
was not likely because of increased viral replication and damage
because viral DNA from oropharyngeal swabs was not increased and
no increases in ocular disease, pyrexia, or cough were detected concur-
rently. Studies to determine whether these findings can be replicated in
cats with FHV-1 infection induced by contact with infected cats and
in cats inoculated with LTC PO or parenterally should be performed. In
addition, because PCR assay results do not prove the presence of live
virus, quantitative FHV-1 culture also might provide additional informa-
tion and should be considered for use in future studies.

One of the primary limitations of our study was unequal group sizes
and differences in the size of the evaluation rooms. These inequalities
confounded the ability of the clinical observers to record sneezing and
nasal congestion variables accurately. Sneezing is 1 of the most objec-
tive and quantifiable respiratory clinical signs of FHV-1 infection and
should be included in the analyses in future studies.!* Another potential
limitation was to have all 3 intact females assigned to the LTC group.
Although all kittens were sexually immature at the time of the study,
the effects of early gonad removal on immune function are unknown,
especially in prepubescent animals. Future studies should ensure more
equal distributions between groups. Lastly, although GAPDH has been
used successfully as a comparison gene in other published FHV-1 treat-
ment studies in cats**?® and the findings were similar between the
FHV-1/GAPDH and FHV-1 to 28S calculations using the data described
here, it is possible that the use of multiple comparison genes simulta-

neously could provide additional information or different results.®®

5 | CONCLUSIONS

A single mucosal administration of LTC 24 hours before FHV-1 chal-
lenge in cats was associated with several positive clinical effects and
with decreased shedding of FHV-1 DNA. Results of our pilot study
support additional larger studies with LTC in client-owned cat popula-

tions, particularly in shelter settings with high risk of exposure to
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FHV-1 and other pathogens and where transmission is by more natu-

ral routes and doses of the agents.
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