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Background: Nonspecific induction of local innate immune responses by mucosally administered

immunotherapy is a new approach to protection from upper respiratory tract infections. There-

fore, a new liposome-toll-like receptor complex (LTC) immune stimulant was developed and

investigated for its ability to activate innate immune responses in cats, both in vitro and in vivo,

as part of an initial evaluation of LTC for use as an immunotherapeutic agent in cats.

Objectives: We hypothesized that LTC could activate innate immune responses in cats after

topical application to nasal and oropharyngeal mucosal surfaces.

Animals: Mucosal immune responses to topical administration of LTC were assessed in 7 healthy,

purpose-bred cats, and in vitro responses were assessed using blood samples from healthy cats.

Methods: Cytokine and cellular immune responses to LTC were evaluated in blood samples,

nasal lavage specimens, and pharyngeal swabs from cats, using reverse transcriptase polymerase

chain reaction assays, ELISA assays, and flow cytometry.

Results: Liposome-TLR complexes rapidly activated leukocytes in vitro, including upregulation

of costimulatory molecule expression and cytokine production. Topical administration of LTC in

healthy cats triggered rapid recruitment of monocytes to the nasal and oropharyngeal mucosa.

Conclusions and Clinical Importance: Liposome-TLR complexes were found to effectively acti-

vate innate immune responses in cats after mucosal administration. These findings suggest that

LTC have potential for use as a new mucosally administered immunotherapy for nonspecific

protection from viral and bacterial respiratory tract infections.
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1 | INTRODUCTION

Upper respiratory infection (URI) is a common and serious problem in

cats in boarding facilities, animal hospitals, and shelters. Unfortunately,

few quickly effective options are available for preventing these infec-

tions in newly exposed cats. Immunoprophylaxis may be most effective

if focused at the likely portal of pathogen entry. The upper respiratory

tract is the site of entry for several important respiratory pathogens of

cats, consisting of a diverse array of viral and bacterial organisms,

including feline herpesvirus 1 (FHV-1), calicivirus, Mycoplasma sp., Bor-

detella bronchiseptica, and Chlamydia felis.1–6 Activation of host innate

immune defenses, including airway epithelial cells and immune cells in

oropharyngeal lymphoid tissues, results in production of antiviral and

antibacterial cytokines, including type I (INF-α) and II (INF-γ)

Abbreviations: FBS, fetal bovine serum; IL, interleukin; INF, interferon; LTC,

liposome-TLR complexes; NALT, nasopharyngeal-associated lymphoid tissue;

NK, natural killer; OX40, tumor necrosis factor receptor superfamily, member 4;

PBMC, peripheral blood mononuclear cells; PBS, phosphate-buffered saline;

RT-PCR, reverse transcriptase polymerase chain reaction; TLR, toll-like recep-

tor; TNF, tumor necrosis factor.

Received: 12 February 2018 Accepted: 11 January 2019

DOI: 10.1111/jvim.15426

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2019 The Authors. Journal of Veterinary Internal Medicine published by Wiley Periodicals, Inc. on behalf of the American College of Veterinary Internal Medicine.

838 wileyonlinelibrary.com/journal/jvim J Vet Intern Med. 2019;33:838–845.

https://orcid.org/0000-0002-4745-7951
https://orcid.org/0000-0003-1605-9667
mailto:sdow@colostate.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jvim


interferons, tumor necrosis factor alpha (TNF-α), and interleukin 12 (IL-

12) and chemokines such as monocyte chemoattractant protein 1 and

IL-8 that recruit monocytes, T cells, and neutrophils. Local activation

of innate immune responses may create an environment that is less

susceptible to viral entry and replication or to bacterial invasion and col-

onization.7 Clinically, such an immune protective effect could be mani-

fested as either partial or complete protection from infection or as a

decrease in the severity and duration of clinical signs of illness, along

with decreased viral or bacterial shedding.

One potential solution to the problem of complex upper respira-

tory tract infections in cats would be an immunotherapeutic agent

capable of inducing nonspecific immune activation at mucosal sur-

faces in the oropharynx, such as liposome-toll-like receptor complexes

(LTC). These complexes have been shown previously to induce strong

nonspecific protection from lethal bacterial and viral respiratory tract

infections after intranasal administration in several different mouse

infection models.8–12 In addition, we demonstrated induction of thera-

peutic immune responses in cats with chronic rhinitis after parenteral

administration of LTC.13 Therefore, we reasoned that immune stimu-

latory complexes could be further optimized for mucosal delivery and

generation of local mucosal immune responses in the upper respira-

tory tract of cats. Therefore, the original LTC formulation was modi-

fied to improve its innate immune stimulatory potency and to improve

adhesion and contact time with mucosal surfaces.

In the present study, the immune activating properties of modified

LTC were evaluated in cats.12,14 The modified LTC consisted of cationic

liposomes formulated with 2 TLR agonists: polyinosinic-polycytidylic

acid (poly I:C), as a TLR3, retinoic acid-inducible gene I, melanoma

differentiation-associated protein 5 agonist, and noncoding plasmid

DNA (pDNA), as a TLR9 agonist rich in cytosine-guanine. In addition,

the modified LTC contained a mucosal adhesive agent (carboxymethyl-

cellulose) to increase adhesion to mucosal cell surfaces. We also

assessed cytokine and cell activation responses by feline leukocytes

in vitro and also assessed the local mucosal immune responses to topi-

cal administration of LTC in healthy cats.

2 | MATERIALS AND METHODS

2.1 | Preparation of liposome-TLR agonist
complexes for mucosal immune stimulation

Liposomes were prepared by dissolving the cationic lipid, 1,2-dioleoyl-

3-trimentylammonium-propane (DOTAP) and cholesterol (Avanti Polar

Lipids, Alabaster, AL) in chloroform, and the solution was dried over-

night in a vacuum desiccator to a thin film. The lipids were rehydrated

in 5% sterile dextrose in water at 50�C as described previously.12,14

Poly I:C (InVivoGen, San Diego, California) and pDNA (noncoding com-

mercial plasmid PCR2.1) Thermo Fisher Scientific, Waltham, MA were

added to form liposome complexes, as reported previously.12,14 The

endotoxin content of the plasmid was between 0.04 and 0.25 EU/μg.

Carboxymethylcellulose (Sigma-Aldrich, St. Louis, Missouri) was added

to the LTCs to increase mucosal adhesion. In studies in which fluores-

cent LTCs were delivered, the liposomes were formulated to contain

10% (vol/vol) Topfluor-labeled cholesterol (Avanti Polar Lipids).

2.2 | Animal studies

Animal protocols were approved by the Institutional Animal Care and

Use Committee of an independent contract research facility in Fort

Collins, Colorado. Purpose-bred cats for the studies were purchased

from Liberty Research (Waverly, New York). All animals used in the

studies were adopted to owners in the Fort Collins area after comple-

tion of the studies, and no animals were euthanized as part of these

studies.

For collection of nasal lavage samples, cats were restrained manu-

ally in a head-down position, and 0.5 mL of prewarmed sterile

phosphate-buffered saline (PBS) solution was administered into each

nostril, and the resulting fluid backflow was collected from the nostrils

using a 15 mL conical tube. The procedure was repeated once for

each nostril, and all of the fluid collected was pooled for later analysis

and stored on ice. For oropharyngeal samples, alginate swabs were

gently rubbed and rolled against the mucosa of the caudal oropharyn-

geal region and placed in tubes with 1 mL PBS and stored on ice

before analysis. Nasal and oropharyngeal samples were collected

24 hours before LTC administration, 6 hours after LTC administration,

and again 20 and 72 hours after LTC administration.

Cats were treated with LTC administered on day 0. Control cats

were treated with an equivalent volume of sterile PBS. Each cat was

given 1 mL of LTC (0.2 mL intranasally in each nostril and 0.6 mL PO)

while being gently restrained. In a separate experiment designed to

track LTC uptake by mucosal cells in the nostril and oropharynx of

cats, 1 mL of LTC labeled with TopFluor fluorescent dye was adminis-

tered by instilling 0.2 mL intranasally in each nostril and 0.6 mL

(equivalent to 60 μg of Poly I:C and PCR2.1) PO. Average weight of

the cats was approximately 3 kg; thus, the intranasal dose of each

TLR ligand was approximately 20 μg per kilogram body weight. No

adverse effects, either acute or longer term, were observed after

intranasal LTC administration (data not shown).

2.3 | Preparation of peripheral blood
mononuclear cells

Whole blood was obtained by jugular venipuncture from a separate

group healthy young adult cats and collected into EDTA tubes. For

separation of peripheral blood mononuclear cell (PBMC), blood was

diluted 1:2 with sterile PBS, then layered over a Ficoll (GE Healthcare,

Uppsala, Sweden) gradient and centrifuged. The PBMC were collected

and washed twice in PBS and then resuspended in complete tissue

culture medium before flow cytometric analysis.

2.4 | Cell culture and PBMC activation with LTC

Peripheral blood mononuclear cells were cultured in complete medium,

which consisted of Dulbecco's modified eagle medium (Thermo Fisher

Scientific, Watham, Massachusetts) containing 15% fetal bovine serum

(FBS; Avanti Polar Lipids), essential and nonessential amino acids, peni-

cillin, and streptomycin (Gibco-Thermo Fisher Scientific, Pittsburgh,

Pennsylvania). Cells were plated in 96-well flat bottom plates (Celltreat,

Pepperell, Massachusetts) at a density of 1 × 106 cells/well in 200 μL

medium. For assays involving LTC activation of PBMC, LTC were added

at 3 different dilutions (1 μL per well, 0.3 μL per well, and 0.1 μL per
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well) in triplicate wells of PBMC in 100 μL complete medium, with care-

ful mixing, and then the cells were incubated for an additional 48 hours.

Conditioned medium was collected for IFN-γ assay, and cells were col-

lected for flow cytometric analysis of activation markers (see below)

and for analysis of cytokine gene expression by quantitative reverse tran-

scriptase polymerase chain reaction (qRT-PCR) (see below). Assays were

repeated at least twice, using PBMC from different donor animals.

2.5 | Quantitative RT-PCR analysis of cytokine gene
expression in vitro

Ribonucleic acid was extracted from PBMC incubated for 48 hours with

LTC, as noted above, and expression of IL-1, IL-12, IFN-α, IFN-γ, and

TNF-α genes was determined using quantitative RT-PCR. Briefly, RNA

was isolated and reverse transcribed using a commercial kit (Qiagen,

Germantown, Maryland), and the complementary DNA then was ampli-

fied using Cyber green primers (Bio-Rad, Hercules, California) using a

qPCR MX3000p system instrument (Agilent, Santa Clara, California).

Cytokine transcript copy numbers were determined by quantitative

RT-PCR, as noted previously.13

2.6 | IFN-γ ELISA

Cell culture supernatants from PBMC cultures were analyzed for IFN-

γ concentrations, using a feline IFN-γ specific ELISA (DuoSet Feline

IFN-γ kit; R&D systems, Minneapolis, Minnesota) according to the

manufacturer's instructions.

2.7 | Flow cytometry

Cells were harvested after 48 hours of in vitro stimulation and immunos-

tained with the following antibodies conjugated with fluorochromes:

CD5-PE (clone f43; Southern Biotech, Birmingham, Alabama), CD21-APC

(clone CA2.1Dg; Bio-Rad), and OX40-FITC (clone 7D6; Bio-Rad), or

CD14-APC (clone TÜK4; Bio-Rad) andMHCII-FITC (clone TÜ39; BD Bio-

sciences, San Jose, California). Cells were immunostained with primary

antibodies for 20 minutes at 4�C in FACs buffer (PBS with 2% FBS and

0.05% sodium azide) after a 5-minute incubation with normal cat serum

(Jackson ImmunoResearch) to block nonspecific binding.

Cells obtained by nasal lavage and oropharyngeal swabs were

washed once with PBS, then immunostained in 96-well plates with

the directly conjugated antibodies noted above. Isotype-matched anti-

bodies were used as control for each primary antibody. Cells from

in vitro activated PBMC cultures were collected 48 hours after stimu-

lation and measured using the same panel of antibodies, with appro-

priate controls. Cells were analyzed using a Beckman Coulter Gallios

flow cytometer (Beckman Coulter, Indianapolis, Indiana), and data

were analyzed using FlowJo software (Tree Star, Ashland, Oregon).

2.8 | Preparation and analysis of nasal and
pharyngeal samples

Swabs were collected from the distal oropharynx and immediately

placed in 2 mL of complete tissue culture medium in 15 mL polypro-

pylene tubes on ice. The samples were lightly vortexed to free cells

from the swabs. Fluid was transferred to a new tube, and 2 mL of PBS

was added to the empty tube containing the swab, vortexed again,

and pooled with the first sample. The sample then was filtered using a

70 μm cell strainer (Celltreat, Pepperell, Massachusetts) to remove

debris and mucus. Samples were centrifuged, the cell pellets were

resuspended in 0.5 mL of PBS, and the cells were counted.

Nasal lavage samples were filtered, washed, centrifuged, resus-

pended, and counted in the same fashion as for oropharyngeal swab

samples. Cells were stained in the same manner as described for

PBMC, and equal numbers were analyzed by flow cytometry to deter-

mine the cell type and activation.

2.9 | Confocal microscopy

Monocyte-derived macrophages were generated from cat PBMC by

incubation of plastic adherent monocytes with 10 ng/mL human

recombinant macrophage colony stimulating factor for 5 days. The

macrophages that were generated were then incubated with 0.1, 1, or

2 μL per well of TopFluor-labeled LTC in complete medium at 37�C

for 4 hours, then washed gently 3 times, fixed with 2% paraformalde-

hyde for 30 minutes, washed again with distilled water, cover-slipped,

and analyzed by confocal microscopy. Confocal images of feline

monocyte-derived macrophages (untreated control cells or cells incu-

bated with labeled LTC) were obtained using an Olympus IX3 confocal

microscope (Waltham, Massachusetts). Images were processed and

analyzed using Olympus cellSens software.

2.10 | Statistical methods

Statistical comparisons between data sets with 2 treatment groups

were performed using the nonparametric Mann-Whitney test. Com-

parisons among 3 or more groups were performed using analysis of

variance, followed by the Tukey multiple means post-test. Analyses

were performed using Prism6 software (GraphPad, La Jolla, California).

For all analyses, statistical significance was set at P < .05.

3 | RESULTS

3.1 | B cells, T cells, and monocytes from feline
PBMC activated by LTC in vitro

Feline lymphoid tissues express TLRs such as TLR3 and TLR9, and

feline immune effector cells (T cells and B cells) express TNF receptor

superfamily, member 4 (OX40). When bound to its ligand OX40L,

OX40 augments immune responses by prolonging survival of T cells,

generation of immune memory, preventing emergence of T-cell toler-

ance, and mediating decreased immunosuppressive activity of regula-

tory T cells. Thus, we chose to examine the effect of in vitro treatment

of PBMC with LTC on OX40 expression in these cells.13,15–17 Unfrac-

tionated PBMC were used because LTC may have both a direct effect

on leukocytes as well as an indirect effect through crosstalk among var-

ious cell types in the mixture. B lymphocytes that were CD21+ were

found to exhibit significant upregulation of expression of the costimula-

tory molecule OX40, in a dose-dependent fashion with respect to the

amount of added LTC (Figure 1, panel A). For T-cell responses to LTC

stimulation, the percentage of CD5+ T cells expressing OX40 also
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increased significantly as a function of LTC concentration (Figure 1,

panel B). Finally, a significant increase in expression of MHCII by

CD14+ monocytes was observed in cultures of PBMC treated with LTC

(Figure 1, panel C). Similar results were observed in 3 separate studies.

3.2 | LTC treatment activates cytokine gene
expression by PBMC

Quantitative RT-PCR analysis was used to assess induction of cytokine

gene expression by PBMC treated with LTC (Figure 2). Significant upre-

gulation of expression of mRNA for INF-α as well as upregulation of IL-

1β, IL-12, and TNF-α expression after LTC stimulation was identified in

most cats.

3.3 | LTC treatment triggers IFN-γ secretion
by PBMC

Supernatants were collected from PBMC after 48 hours stimulation with

LTC, for analysis of IFN-γ production (Figure 3). Liposome-TLR com-

plexes treatment stimulated a dose-dependent, significant secretion of

IFN-γ secretion, as determined by ELISA analysis of supernatants.

3.4 | Uptake of labeled LTC by macrophages in vitro

Monocyte-derived macrophages were generated from PBMC of cats by

plastic adherence, followed by culture for 4 days in complete medium,

after which macrophage uptake of LTC was assessed. Extensive uptake

of LTC complexes by macrophages was observed (Figure 4), consistent

with the known targeting of liposome complexes to monocytes and mac-

rophages and other phagocytic immune cells.

3.5 | Retention of labeled LTC by cells in the
oropharynx and nasal cavity

Seven healthy adult cats were given 0.1 mL of labeled LTC bilaterally

into the nostrils and 0.6 mL PO. Nasal lavage and throat swab samples

were obtained before administration, and 6, 20, and 72 hours after

LTC administration; cell populations were analyzed by flow cytometry,

as described in the Materials and Methods section. Compared to pre-

treatment samples, samples obtained from the nose and oropharynx

at 6 and 20 hours after LTC administration contained a readily identi-

fiable population of cells containing fluorescently-labeled LTC

(Figure 5). The LTC-containing cells were detected in both nasal lavage

FIGURE 1 Treatment of PBMC from 6 healthy cats with LTC. A, OX40 expression by CD21+ B cells. B, OX40 expression by CD5+ T cells. C,

MHCII expression by gated CD14+ monocytes. *, P < .05, **, P < .01 and ***, P < .005. LTC, liposome-toll-like receptor complexes; OX40, tumor
necrosis factor receptor superfamily, member 4; PBMC, peripheral blood mononuclear cells

FIGURE 2 Activation of cytokine gene expression in PBMC after

treatment with LTC. Mean gene expression levels (with SEM) for
triplicate samples (1 × 106 cells/well) of unstimulated PBMC and
PBMC stimulated with LTC (1 μL LTC per 200 μL; incubation period
8 hours). **, P < .01. LTC, liposome-toll-like receptor complexes;
PBMC, peripheral blood mononuclear cells

FIGURE 3 Secretion of interferon gamma (IFN-γ) by PBMC after

stimulation in vitro with LTC. Mean IFN-γ concentrations and SEM for
the LTC and untreated groups. *, P < 0.05. LTC, liposome-toll-like
receptor complexes; PBMC, peripheral blood mononuclear cells
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cells (Figure 5A) and in throat swab cells (oropharynx, Figure 5B). Peak

uptake of LTC-labeled cells in the nasal lavage samples occurred

6 hours after LTC administration, whereas in the oropharynx peak of

LTC uptake occurred 20 hours after administration.

3.6 | Intranasal and PO administration of LTC
triggers influx of inflammatory leukocytes to mucosal
surfaces

Cells from the nasal cavity or oropharynx were obtained by nasal

lavage or swabbing the back of the throat, respectively, as described

above. Cells were immunostained with fluorescently conjugated anti-

bodies against specific cell markers for T cells (CD5+) and monocytes

(CD14+) and analyzed by flow cytometry. Neutrophils were identified

by their characteristic forward versus side scatter profiles. Pretreat-

ment samples from the nasal cavity of 7 healthy cats contained an

average of 7% CD5+ T cells, whereas the average percentage of CD5+

T cells in the oropharynx of cats before treatment was 73%. The per-

centage of CD14+ monocytes in the nasal cavity before treatment was

2.5%, similar to the 3% of CD14+ monocytes found in the oropharynx

(Figure 6). Percentages of neutrophils found in the nasal cavity were

10%, and 2% in the oropharynx of untreated animals.

Six hours after topical administration of LTC, a marked increase in

the percentage of CD14+ monocytes was observed in both the nasal

mucosa (Figure 6A, increasing from an average of 2.5% to an average

of 14%) and in the oropharynx (Figure 6B, increasing from an average

of 3% to an average of 11%). The percentage of CD14+ monocytes

from both nasal and oropharynx samples had decreased by 20 and

72 hours compared to the 6 hours samples but still remained higher

than in pretreatment samples. Interestingly, the percentages of CD5+

T cells from the nasal mucosa decreased significantly 6 hours post-

LTC treatment (decreasing from 7% to 3%) and from 73% to 51% in

the oropharynx. Nasal CD5+ T cells returned to pretreatment values

by 72 hours after treatment. In the oropharynx, the decrease in CD5+

cells observed at 6 hours was also transient, with percentages of CD5+

T cells returning to nearly baseline values (67%) at 20 hours post-LTC

treatment.

The neutrophil population was essentially unchanged throughout

the study time course in both the nose and the oropharynx after LTC

administration (Figure 6).

FIGURE 4 Uptake of labeled LTC by macrophages. Macrophages from PBMC incubated with labeled LTC for 4 hours with uptake assessed by

confocal microscopy. Cell nuclei were delineated with DAPI staining (blue), whereas labeled LTC were visualized as bright green staining. A,
macrophages alone. B, Macrophages incubated with labeled LTC. LTC, liposome-toll-like receptor complexes; PBMC, peripheral blood
mononuclear cells

FIGURE 5 Binding of LTC to mucosal cells in the nasal cavity and oropharynx of healthy cats. Labeled LTC administered intranasally and PO to

5 healthy adult cats. Mean percentages of LTC-positive cells are plotted versus time post-treatment. *, P < 0.05. LTC, liposome-toll-like receptor
complexes
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4 | DISCUSSION

An effective, broad-spectrum immunotherapeutic agent capable of

activating protective mucosal immune responses would provide a

valuable means of inducing rapid protection from a variety of upper

respiratory tract pathogens in cats. Therefore, we investigated innate

immune responses to LTC, a new immune therapeutic agent designed

for mucosal application. We found that LTC induced activation of

feline leukocytes, including upregulation of costimulatory molecule

(OX40 and MHCII) expression. In addition, LTC induced production of

cytokines associated with innate immune responses, including INF-α,

INF-γ, TNF-α, and IL-12. in vivo studies in healthy cats demonstrated

uptake of LTC by immune cells and epithelial cells in the upper air-

ways, as well as recruitment of monocytes to the upper airways. Our

studies indicated that cats were capable of responding to mucosal

immune activation by LTC. Significant upregulation of IFN-γ along

with increases in lymphocyte expression of OX40 and monocyte

expression of MHCII all would be associated with innate immune sys-

tem activation for better viral and bacterial pathogen clearance.7,18,19

These findings are consistent with LTC activation of mucosal innate

immune responses in cats and induction of partial protection against

inhalational challenge with FHV-1.19

Nasopharyngeal-associated lymphoid tissue (NALT) is a network of

immune cells located in the oropharyngeal region that is primed for

immune recognition of viral, bacterial, and fungal pathogens.20–23

When activated by infections, innate immune effector cells in the

NALT (including monocytes, neutrophils, innate lymphoid cells, and

natural killer [NK] cells) respond by producing cytokines and chemo-

kines, and by activating other immune effector cells including tissue

macrophages, epithelial cells, and T and B cells. In our study, several

key antiviral and antibacterial cytokines were produced after LTC

treatment, including significant increases in secretion of IFN-γ protein,

and increases in INF-α and IL-12 transcription, as assessed by qRT-

PCR. These results together suggest broad activation of innate immune

responses in nasal and oropharyngeal tissues after administration of

LTC in cats.

Distinct cellular trafficking responses to LTC treatment were

noted when monocyte and T-cell responses were compared in the

nose and oropharynx. For example, LTC administration triggered

strong recruitment of CD14+ monocytes to both the nasal cavity and

the oropharynx, while at the same time triggering significant, tran-

sient disappearance of T cells from these mucosal sites (see Figure 6).

Interestingly, minimal neutrophil responses to LTC administration

were observed at any time point evaluated, in either the nose or

FIGURE 6 Inflammatory cell changes in mucosal surfaces as a response to topical treatment with LTC. Average results from 7 healthy adult cats;

an average 2.4 × 105 (which ranged between 4.5 × 104 and 1.7 × 106) cells were obtained from nasal or oropharyngeal samples. A, Nasal
passages. B, The oropharynx. Color key: green, monocytes; blue, T cells; rose, neutrophils; and gray, all other nonleukocytes, consisting primarily
of mucosal epithelial cells. Significant differences are indicated by asterisks (*). LTC, liposome-toll-like receptor complexes
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oropharynx. The recruitment of monocytes by LTC could be attrib-

uted to production of the chemokine CCL2, which has been noted

previously after treatment with LTC.11 In contrast, the transient dis-

appearance of T cells from mucosal sites after LTC administration

most likely could be attributed to transient redistribution of T cells

after adherence to capillary blood vessels or migration into tissues. A

similar effect has been observed previously in dogs treated systemi-

cally with LTC.24 In support of transient redistribution, we observed

that CD5+ T lymphocytes were rapidly restored in mucosal sites

within 72 hours after LTC administration.

We also observed distinct differences in resident immune cell

populations in the nasal cavity and oropharynx, especially with respect

to the density of mucosal T cells. For example, the oropharynx was

found to be highly enriched in mucosal CD5+ T cells, whereas T cells

were much less numerous in the nasal cavity (see Figure 6). These dif-

ferences are considered real (and not simply a reflection of differences

in sampling techniques), because the percentages of unmarked cells

(assumed to represent primarily mucosal epithelial cells, see Figure 6)

were similar in samples from the oropharynx, compared to nasal

lavage samples. Thus, the oropharynx in cats appears to be enriched

in superficially located T cells compared to the nasal cavity and thus

well suited to induction of mucosal immune responses after PO

administration of nonspecific immune stimuli.

The ability of LTC to rapidly induce mucosal immune responses in

the upper airway and oropharynx of cats suggests potential use as a

nonspecific immune therapeutic agent for prevention of viral and bac-

terial infections in cats. Administration of LTC significantly decreased

signs of FHV-1 infection and viral shedding in experimentally inocu-

lated cats.19 In addition, we have found that topical application of LTC

in dogs can induce mucosal activation and cellular recruitment, similar

to the responses seen in cats (Dow S, unpublished data). Thus, topical

treatment in the upper airways with LTC may have utility for prevent-

ing or mitigating infections with common respiratory tract pathogens

in both dogs and cats.

The present study had several limitations. For example, the lack

of available reagents for full phenotyping of feline leukocytes pre-

cluded a more complete assessment of cellular responses to topical

LTC administration. In addition, the relatively small numbers of cells

collected by nasal lavage or oral swabs precluded cytokine analysis

after LTC administration. The in vitro studies using PBMC did not

determine the cellular source of specific cytokine production after

LTC activation. However, previous studies of LTC in mice indicated

that dendritic cells were the primary cellular source of IL-12 produc-

tion after LTC administration, and that NK cells were the primary cel-

lular source of IFN-γ.25,26

In summary, our studies describe the innate immune activation

properties of a novel mucosally active immune stimulant in cats.

Innate immune activation by LTC was associated with production of

key antiviral and antibacterial cytokines, and with upregulation of

important costimulatory molecules on immune effector cells. These

findings suggest further evaluation of the LTC mucosal immune stimu-

lant for prevention of URI in cats and for treatment of established URI

refractory to treatment with antibiotics or other medications such as

lysine.
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