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Abstract
Development of effective new mucosal vaccine adjuvants has become a priority with the increase
in emerging viral and bacterial pathogens. We previously reported that cationic liposomes
complexed with non-coding plasmid DNA (CLDC) were effective parenteral vaccine adjuvants.
However, little is known regarding the ability of liposome-nucleic acid complexes to function as
mucosal vaccine adjuvants, or the nature of the mucosal immune responses elicited by mucosal
liposome-nucleic acid adjuvants. To address these questions, antibody and T cell responses were
assessed in mice following intranasal immunization with CLDC-adjuvanted vaccines. The effects
of CLDC adjuvant on antigen uptake, trafficking, and cytokine responses in the airways and
draining lymph nodes were also assessed. We found that mucosal immunization with CLDC-
adjuvanted vaccines effectively generated potent mucosal IgA antibody responses, as well as
systemic IgG responses. Notably, mucosal immunization with CLDC adjuvant was very effective
in generating strong and sustained antigen-specific CD8+ T cell responses in the airways of mice.
Mucosal administration of CLDC vaccines also induced efficient uptake of antigen by DCs within
the mediastinal lymph nodes. Finally, a killed bacterial vaccine adjuvanted with CLDC induced
significant protection from lethal pulmonary challenge with Burkholderia pseudomallei. These
findings suggest that liposome-nucleic acid adjuvants represent a promising new class of mucosal
adjuvants for non-replicating vaccines, with notable efficiency at eliciting both humoral and
cellular immune responses following intranasal administration.
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1. Introduction
Many pathogens attach to or invade mucosal surfaces and mucosal immunity is often the
key to controlling initial infections with such pathogens. Mucosal immune responses are
typically generated most efficiently when vaccines are administered mucosally, though the
majority of vaccines today are administered parenterally [1–4]. Indeed, only a few mucosal
vaccines have been approved for human use, including poliovirus, influenza, rotavirus,
Salmonella typhi, and Vibrio cholera vaccines [1, 5].
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Currently, most mucosal vaccines are prepared using live, attenuated organisms [6–7].
Though effective, such vaccines are costly to prepare, require careful attention to storage
conditions, and pose some potential risk to immunosuppressed individuals. Therefore, there
is continued interest in the development of effective, non-replicating mucosal vaccines.
However, most mucosal antigens are poorly immunogenic and require the use of potent
mucosal vaccine adjuvants.

At present, several adjuvants have been used with non-replicating mucosal vaccines,
including mutated cholera toxin and E. coli labile toxins, as well as synthetic TLR agonist,
such as CpG oligodeoxynucleotides (ODN). [4–5, 8–11]. Cholera toxin (CT) adjuvants elicit
strong humoral immunity following mucosal administration, though the risk of systemic
toxicity and especially neurotoxicity renders current CT adjuvants generally unsuitable for
use in human vaccines. A modified cholera toxin subunit B (CTB) adjuvant is relatively
effective as a mucosal adjuvant and eliminates the risk of systemic toxicity. CpG ODN have
been widely used as parenteral vaccine adjuvants and as effective mucosal vaccine adjuvants
[5, 12–20]. Studies have shown that CpG ODN adjuvants potently activate innate immune
responses by stimulating innate immune signaling via TLR9 [21–23]. While each of these
adjuvants has certain desirable properties, there are also some characteristics about CTB and
CpG that raise efficacy and safety concerns [24–28]. Therefore, there remains a need for
more potent, more quickly acting, and potentially safer mucosal adjuvants.

Liposome-based mucosal adjuvants been thoroughly investigated, using a variety of
different antigens [29–34]. The impact of mode of antigen association with the liposome
(encapsulation, conjugation, and absorptions) and the physiochemical properties of the
liposome (size, charge, lipid composition) on immune responses have also been studied [35].
At present, cationic liposomes are particularly advantageous as mucosal adjuvants due their
ability to enhance the uptake of the vaccine by antigen presenting cells (APC) and to induce
APC activation [36–38]. Indeed, numerous studies have shown that liposomes are essential
to achieve efficient immune responses [34, 39–40]. Many liposome-based adjuvants can
induce mucosal production of IgA, and some also induce systemic IgG production, but few
have been shown to induce effective CD8+ T cell responses. Therefore, there is still a need
of broadly effective mucosal vaccine adjuvants, capable of eliciting both humoral and
cellular immune responses.

We previously reported that a vaccine adjuvant consisting of cationic liposome-DNA
complexes (CLDC) effectively elicited balanced cellular and humoral immunity following
parenteral administration [41]. We attribute a majority of the success of the CLDC
adjuvanted parenteral vaccines to the combination of the liposome (carrier) and the plasmid
DNA (immunostimulant). Combination vaccine adjuvants have recently become area of
interest due to the synergistic effect of combining antigen delivery with potent stimulation of
the innate immune system [42–43]. CLDC can be classified as a combination adjuvant, and
the need for physical association of all three of the components of the CLDC-based vaccines
has recently been shown in our laboratory. Mice immunized with Ova plus liposome alone
or Ova plus plasmid DNA alone failed to generate significant immune responses [41]. The
efficacy of CLDC-based vaccines for immunization against a variety of different antigens in
several different species has also been reported, including studies in guinea pigs,
woodchucks, and non-human primates, and more recently in normal human volunteers [44–
49]. Moreover, recent studies in our laboratory have also revealed that intranasal
administration of CLDC alone as an immune therapeutic could generate rapid, non-specific,
innate immune protection against inhalational challenge with rapidly lethal bacterial
pathogens including Burkholderia and Francisella [50–51].
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Therefore, we wondered whether CLDC could also be used effectively as a mucosal vaccine
adjuvant. To address this question, we investigated the mucosal adjuvant properties of
CLDC combined with soluble protein antigens, delivered by the intranasal (i.n.) route. The
ability of CLDC adjuvant to elicit humoral and cellular immune responses was investigated,
and experiments were conducted to identify mucosal antigen presenting cells (APCs)
responsible for antigen uptake and trafficking to regional lymph nodes. Finally, the ability of
CLDC-adjuvanted vaccines to elicit protective immunity against serious pathogens was
assessed in a model of lethal pulmonary Burkholderia pseudomallei challenge. In the course
of these studies, we identified properties shared by CLDC adjuvants and other mucosal
adjuvants, as well as properties unique to CLDC-based mucosal adjuvants.

2. Materials and Methods
2.1 Mice

Specific pathogen-free 6–8-week-old female C57BL/6, BALB/c, and ICR mice were
purchased from the Jackson Laboratories (Bar Harbor, ME) or Harlan Laboratories
(Indianapolis, IN). All protocols involving animal experiments described in this study were
approved by Institutional Animal Care and Use Committee at Colorado State University.

2.2 Reagents and biochemicals
Ovalbumin was purchased from Sigma-Aldrich (St Louis, MO) and was prepared as a 1 mg/
ml solution in diH2O. Fluorescent Alexa Fluor 647 ovalbumin was purchased from
Invitrogen (San Diego, CA) and was resuspended in PBS at a concentration of 1mg/ml prior
to use. All cell preparations were resuspended in complete RPMI (Invitrogen, Carlsbad, CA)
containing 10% FBS (Gemini Bio-Products, West Sacramento, CA), 2mM L-glutamine
(Invitrogen), 1X non-essential amino acids (Invitrogen), 0.075% sodium bicarbonate (Fisher
Scientific, Pittsburgh, PA), 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen).

2.3 Preparation of cationic liposomes-DNA complexes and vaccines
Liposomes were prepared by combining cationic liposome DOTIM
octadecenoyloxy(ethyl-2-heptadecenyl-3-hydroxyethyl) imidazolinium chloride and
cholesterol in equimolar concentrations as described previously [52]. Cationic liposome-
DNA complexes (CLDC) were freshly prepared at room temperature and administered
within 30 min. Non-coding plasmid DNA (0.2 mg/ml, Juvaris Biotheraputics) was diluted in
sterile Tris-buffered 5% dextrose water. The cationic liposomes were then added with gentle
pipetting at a concentration of 100 µl of liposomes per 1 ml of solution, resulting in the
spontaneous formation of CLDC. To formulate the CLDC-adjuvanted vaccines, the protein
antigen was added to the diluted plasmid DNA solution prior to the addition of the cationic
liposomes.

2.4 Intranasal immunizations
Prior to immunization, mice were anesthetized by intraperitoneal (i.p.) injection of ketamine
(100mg/kg) with xylazine (10mg/kg). Each mouse was immunized with a total of 20 µl
vaccine, which was administered by an equal amount in each nares and allowing the mice to
inhale the vaccine. For most experiments, mice were immunized with a total of 2 µg
ovalbumin (Ova). Mice were immunized once and boosted 10 days later. Serum was
collected 5 – 7 days after the boost for analysis of cellular and humoral immune responses.
Saliva was collected following i.p. injection of 10 ug pilocarpine (Sigma-Aldrich) in PBS.
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2.5 Antibody response in serum, saliva, and BAL fluid
Antibody responses to Ova were assessed as described previously [53–54]. Briefly, ELISA
plates were coated with Ova, blocked to reduce non-specific binding, then incubated with
serial dilutions of serum from vaccinated and control mice. Antibody titers were determined
using endpoint dilution assay and were expressed as the log reciprocal of the highest dilution
of a sample with an OD reading of 0.1 above background.

2.6 Cell collection
Bronchoalveolar lavage (BAL) cells were obtained by airway lavage, as previously
described [55]. Cells from the 3–4 washes per mouse were pooled, centrifuged at 1,200 rpm
for 5 min at 4°C. The cells were further purified by NH4Cl lysis of the RBC. Lymph node
cells were prepared by mechanical disruption and screening through a 70-µm nylon mesh
screen (BD Biosciences), followed by NH4Cl lysis. Lung cells were prepared by first
mincing the tissues, then digesting in a solution of 5 mg/ml collagenase (type 1A, Sigma-
Aldrich) plus DNAase (50 U/ml) and soybean trypsin inhibitor (10 mg/ml) for 20 min at
37°C, as described previously [55]. The cells were then mechanically disrupted through an
18-gauge needle as previously described [56] and further purified by NH4Cl lysis. Cells
from each organ source were counted and resuspended in complete medium on ice prior to
immunostaining and analysis.

2.8 Antibodies and flow cytometric analysis
Directly conjugated antibodies used for these analyses were purchased from eBioscience
(San Diego, CA) or BD Pharmingen (San Diego, CA). The following antibodies were used
in various combinations: anti-CD8b (APC, FITC; clone H35-17.2), anti-I-A/I-E (MHC class
II, FITC; clone NIMR-4), anti-CD11c (PE-Cy7; clone N418), anti-CD11b (Pacific Blue,
biotin; clone M1/70), anti-Ly6G (PE; clone 1A8), anti-Ly6C (Biotin, FITC; clone AL-21),
anti-PDCA (PE; clone ebio927), anti-CD45R (B220, Pacific Blue; clone RA3-6B2).
Immunostaining was done as described previously [55]. In most cases, cells were fixed in
1% paraformaldehyde for 20 min and stored in FACS buffer at 4°C for 1–2 days prior to
analysis. Analysis was carried out with a Cyan ADP flow cytometer (Beckman Coulter, Fort
Collins, CO). Data was analyzed using FlowJo software (Tree Star, Ashland, OR).

2.9 MHC-peptide tetramers
Soluble H-2Kb MHC class I tetramers containing the ova8 peptide, SIINFEKL, were
produced as described previously [57]. The CD8+ T cell response in mice vaccinated against
ovalbumin was assessed in C57BL/6 mice. Single cell suspensions (typically 5×105 to
1×106 cells suspended in 100 µl of complete media) from the lung, peripheral bone marrow,
and mediastinal lymph node were incubated with tetramer at 37°C for 90 min. Splenocytes
from OT-1 mice (Ova8-specific TCR transgenic mice, provided by T. Potter, National
Jewish Medical and Research Center, Denver, CO) were used as positive controls for
tetramer staining. Staining and analysis of tetramer-labeled cells was done as described
previously [41].

2.10 Cytokine analysis
Cytokine production in lung and BAL samples were assessed using a cytometric bead array
(CBA; Becton Dickinson). Lung homogenates were prepped as described previously [58]
and the lavage was performed using 1.5 ml of a PBS with EDTA (1mM) solution and
processed as previously described [59]. The assay was performed according to the
manufacturer’s instructions. Analysis was carried out using a Cyan ADP flow cytometer and
data was analyzed using Flowjo software. The limit of detection for this assay for each
cytokine was reported by the manufacturer to be 5 pg/ml.
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2.11 Uptake of labeled Ovalbumin in the draining lymph node
Uptake and trafficking of Ova by cells in the airways and distribution to the draining lymph
node was assessed using Alexa647-labeled Ova (Invitrogen). Alexa647-ova alone, or
Alexa647-ova complexed to CLDC, were administered intranasally to mice. Six hours after
administration, the mediastinal lymphnode was collected for immunostaining and analysis
by flow cytometry.

2.12 Vaccination with heat-killed bacteria for protection from Burkholderia pulmonary
challenge

Heat killing of Burkholderia pseudomallei was performed as described previously [60].
Briefly, bacteria were washed and resuspended in PBS, then heated to 80°C for 1 hour.
Complete bacterial killing was confirmed by agar plating on LB agar plates. To assess the
ability of CLDC adjuvanted vaccines to elicit protection from a lethal infectious challenge,
BALB/c mice were vaccinated i.n. with CLDC adjuvant alone, 1 × 105 heat-killed
Burkholderia pseudomallei organisms alone, or heat-killed bacteria mixed with 10 µl CLDC
in a total volume of 20 µl. Mice were boosted in the same manner 10 days later, and then
subjected to lethal i.n. challenge with 7,500 CFU live B. pseudomallei 1026b (8 × LD50) 14
days after the boost, using a bacterial challenge protocol described previously [50]. Mice
were monitored for disease symptoms twice daily and were euthanized according to pre-
determined humane endpoints.

2.13 Statistical analyses
Statistical analysis was performed using Prism 5.0 software (Graph Pad, La Jolla, CA). For
comparisons between two groups, two-tailed non-parametric (Mann-Whitney) t-tests were
performed. For comparison of more than two groups, a non-parametric ANOVA (Kruskal-
Wallis test) was done, followed by Dunn’s multiple means comparison test. Survival times
were determined using Kaplan-Meier curves, followed by the log-rank test. The Bonferroni
correction was applied for comparison of more than 2 survival curves. For all comparisons,
differences were considered statistically significant for p < 0.05.

3. Results
3.1 Mucosal immunization with CLDC adjuvant elicits systemic and local antibody
responses

To assess the mucosal adjuvant properties of CLDC, we first investigated the ability of
vaccines delivered intranasally (i.n.) with the CLDC adjuvant to generate systemic humoral
immune responses, using the model antigen ovalbumin (Ova). Mice were typically
immunized twice, 10 days apart. Mice immunized i.n. with a CLDC/Ova vaccine developed
significant increases in total serum ova-specific IgG titers, compared to mice vaccinated
with Ova alone (Fig. 1A). CLDC adjuvanted vaccines also elicited significant increases in
serum ova-specific IgG1 titers (Fig. 1B and 1C).

The ability of CLDC-adjuvanted vaccines to induce local IgA responses was assessed next.
Intranasal immunization resulted in a significant increase in ova-specific IgA titers in saliva
of CLDC/Ova vaccinated mice, compared to mice vaccinated with Ova alone (Fig. 2A).
CLDC/Ova also induced significant ova-specific IgA titers in the airways of mice, as
assessed in the BAL fluid (Fig. 2B). Thus, it was apparent that the mucosal administration of
CLDC adjuvanted vaccines was capable of eliciting significant mucosal IgA responses, as
well as significant systemic IgG responses.
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3.2 Mucosal immunization with CLDC adjuvant induces antigen-specific CD8 T cell
responses

We reported previously that CLDC-adjuvanted vaccines administered parenterally produced
strong antigen specific T cell responses, and were particularly effective in stimulating cross-
priming and generation of antigen-specific CD8+ T cell responses [41]. Thus, it was of
interest to determine whether the CLDC adjuvant could elicit similar responses following
mucosal administration. For these experiments, numbers of Ova-specific CD8+ T cells in
blood, BAL fluid, and lung tissues were enumerated using H-2Kb-ova8 tetramers and flow
cytometry, as noted previously [41]. Following i.n. immunizations, a significant increase in
numbers of CD8+ T cells was noted in all three sites evaluated (blood, lung parenchyma, and
airways) (Fig. 3B). The expansion of Ova-specific CD8+ T cells was particularly dramatic
in the airways of vaccinated mice, with 34.7% of all airway CD8+ T cells being Ova-
specific. It was clear therefore that CLDC-adjuvanted vaccines were quite effective in
generating CD8+ T cell responses in pulmonary mucosal tissues of vaccinated animals. The
presence of antigen specific CD8+ T cells in the airways could be very beneficial for
inducing protection against inhaled viral and bacterial pathogens.

3.3 Mucosal immunization with a CLDC adjuvanted vaccine induces the production of IL-6
in the airways

Experiments were conducted next to assess the effects of CLDC on local induction of innate
immune responses in the airways and in lung tissues. In prior studies from our lab it was
reported that i.n. administration of CLDC stimulated pulmonary production of pro-
inflammatory cytokines, including IL-12, IFN-γ, and MCP-1[51, 58, 61–62]. In the present
study, we were interested in examining CLDC induction of cytokines known to be involved
in IgA antibody class switching, including IL-6, IL-10, and TGF-β [63–66]. While i.n.
administration of CLDC did not induce significant increases in IL-10 or TGF-β in the lungs
(data not shown), we found that administration of CLDC induced significant increases in
IL-6 production in both the airways and lung tissues (Fig. 4). For example, IL-6
concentrations in the airways of mice treated with CLDC increased to 19.40 (pg/ml) ± 6.7,
compared to 4.21 (pg/ml) ± 0.01 in sham-treated control animals. Thus, the ability of CLDC
to elicit high levels of local IL-6 production may account in part for the ability of the CLDC
adjuvant to induce efficient IgA production.

3.4 Antigens complexed to CLDC are delivered efficiently to the mediastinal lymph nodes
Given that the CLDC adjuvant could generate efficient humoral and cellular immune
responses, it was important to try and understand how the adjuvant affected antigen
presentation in the lungs. Therefore, experiments were conducted to directly assess the
ability of CLDC to enhance delivery of soluble antigens to draining lymph nodes. For these
experiments Ova labeled with AlexaFluor 647 was used to facilitate uptake and trafficking
studies. Mice were immunized i.n. with Alexa647-Ova alone or Alexa647-Ova complexed
to CLDC. Six hours later, antigen uptake in the mediastinal lymph nodes (MLN) was
assessed using flow cytometry. We found that administration of Alexa647-Ova complexed
to CLDC resulted in significantly greater antigen delivery to the MLN, compared to
administration of Alexa647-Ova alone (Fig. 5A and 5B).

Next, the impact of CLDC on antigen uptake by pulmonary APCs was assessed. We found
that the uptake of labeled Ova by CD11c+ DC in the MLN was significantly greater when
the antigen was complexed to CLDC then when it was administered alone (Fig. 5C). The
effect of CLDC on uptake of Ova by other APCs in the lung was also investigated. We
found that administering Ova complexed to CLDC did not enhance antigen uptake by B
cells or macrophages (data not shown). Thus, these results show that CLDC are effective
vaccine adjuvants in the lungs because they enhance antigen uptake by pulmonary DC.
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3.5 Mucosal immunization with heat killed bacteria and CLDC adjuvant generates effective
protective immunity against lethal pulmonary challenge with Burkholderia pseudomallei

Experiments were conducted next to assess the potential for CLDC-adjuvanted mucosal
vaccines to generate robust, protective immunity against an inhaled pathogen. For these
experiments, we used a mouse model of lethal Burkholderia pseudomallei pneumonia, based
on recent studies conducted by our laboratory [50, 62]. BALB/c mice were vaccinated and
boosted i.n. with CLDC adjuvant alone, 1 × 105 heat-killed Burkholderia pseudomallei
organisms alone, or heat-killed bacteria mixed with 10 µl CLDC in a total volume of 20 µl.
Control mice were not vaccinated. All mice were then subjected to i.n. challenge with 8 ×
LD50 (7.5 × 103) CFU B. pseudomallei 2 weeks after the last immunization and survival
times were determined by the Animal Care and Use Committee at Colorado State
University.

All unvaccinated control mice reached end-point prior to day 3 after challenge, and the
CLDC alone mice succumbed to disease by day 4. In contrast, 4 of the 9 mice vaccinated
with heat-killed bacteria alone survived for > 40 days (Fig. 6). However, it is important to
note that all of the surviving mice vaccinated with heat-killed B. pseudomallei only
eventually succumbed to chronic disease by day 60 post-challenge (data not shown). In
contrast, 100% of mice vaccinated with heat-killed bacteria plus CLDC survived bacterial
challenge for > 40 days (Fig. 6). Five of these 9 mice survived past day 60 post-challenge
and were considered long-term survivors. Long-term survival tends to correlate with
clearing of the organism, but cultures were not performed to confirm this fact. These results
indicate that mucosal vaccination using a CLDC-adjuvanted vaccine elicited significant
protective local and systemic immunity against a lethal challenge with a very virulent
bacterial pathogen.

3.6 Potency of CLDC adjuvant equivalent or superior to that of conventional mucosal
vaccine adjuvants

Lastly, to place the potency of CLDC mucosal adjuvant properties in context, CLDC-
elicited vaccine responses were compared to those generated by the conventional mucosal
adjuvants cholera toxin B (CTB) and CpG oligonucleotides (CpG ODN) [9–10, 12]. Mice
were therefore vaccinated i.n. with 2 ug Ova admixed with CLDC, CTB (5µg), or CpG
(10µg) [19, 67–70]. Intranasal immunization using each of the three different adjuvants
elicited significant increases in ova-specific IgA titers in the BAL fluid of vaccinated mice
(Fig. 7A). Of the three adjuvants only the CLDC adjuvant generated significant increases in
ova-specific IgG titers in the BAL fluid (Fig 7B). However, it should also be noted that only
the CpG ODN adjuvant elicited significant increases in ova-specific IgG2a titers (data not
shown). Mucosal adjuvants were also compared for their ability to generate CD8 T cell
responses in the lungs. Intranasal immunization with CLDC adjuvant appeared particularly
effective in generating antigen-specific CD8 T cell responses, especially in the airways of
vaccinated mice (Fig 7C). Overall, these results suggested that at least for soluble protein
antigens, CLDC based adjuvants were as effective as current mucosal vaccine adjuvants.

4. Discussion
After assessing both humoral and cellular immune responses to soluble antigens delivered
intranasally using the CLDC adjuvant, we concluded that CLDC was indeed an effective
mucosal vaccine adjuvant. CLDC adjuvanted vaccines were found to be particularly
effective at generating mucosal IgA responses, as well as intrapulmonary T cell responses.
The ability of the CLDC adjuvant to increase the immunogenicity of a complex particulate
antigen (ie, heat-killed bacteria) was also demonstrated.
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A variety of immunological properties that have been attributed to cationic liposomes are
likely to have contributed to the effectiveness of CLDC as a mucosal vaccine adjuvant. For
one, positively charged liposomes rapidly adhere to negatively charged surfaces of cells
such as APCs and epithelial cells, increasing their uptake [38, 71]. In addition, cationic
liposomes have been shown to directly activate APCs such as DC [38, 72–73]. Finally, the
size of the CLDC particles used in this study (approximately 250 nm diameter) is ideal for
uptake by DC, including pulmonary DC [72, 74]. Thus, the mucosal adjuvant properties of
CLDC are likely dependent to a large degree on cationic liposomes.

The adjuvant activity of cationic liposome-nucleic acid-based adjuvants is also importantly
influenced by the nucleic acid component of the vaccine [75]. In the current study, the non-
coding plasmid DNA used in the preparation of CLDC contains many CpG motifs and is
known to activate innate immunity via TLR9 signaling. Indeed, in our studies we found that
cellular immune responses to vaccination with CLDC adjuvanted vaccines were nearly
completely abolished in MyD88−/− mice (data not shown), indicating that TLR signaling in
the lungs was critical to the activity of CLDC adjuvants. While it is currently not known
how well other TLR agonists might function as mucosal adjuvants when complexed to
cationic liposomes, it is known that TLR-3 agonists, such as polyI:C, are effective at
stimulating immune responses with cationic liposomes [41].

The capacity of CLDC to modulate the airway cytokine environment is another critical
feature to consider when assessing the adjuvant activity. Intranasal administration of CLDC
has previously been shown to induce the production of IL-12, TNF-α, IFN-γ, IFN-α and
IFN-β [51, 58, 61–62]. In the current study we found that CLDC administration induced
pulmonary expression of IL-6, a cytokine linked to the induction of IgA class-switching [66,
76–80]. IL-6 has also been shown to stimulate T cell proliferation [81–83], and to enhance
generation of protective immunity following vaccination against respiratory pathogens [84–
85].

The unique ability of CLDC to elicit the cross-priming of CD8 T cells to protein antigens
has been explored previously in the context of parenteral vaccines [41] as well in a
therapeutic vaccine used to suppress hyperresponsiveness in the airways [86]. In the present
study we found that mucosal vaccination using CLDC as an adjuvant was also capable of
rapidly generating pulmonary CD8+ T cell responses. While the mechanism of CLDC
mediated cross-priming is not fully understood, it is believed that the cationic liposome
component of CLDC results in the slight instability of the endosome resulting in the leakage
of endosomal contents into the cytoplasm, leading to the processing and presentation of
peptide fragments via MHC class I [36].

By using a labeled antigen (Ova), we were able to directly visualize the interaction of the
antigen with relevant APCs, as well as assess how CLDC affected that interaction. We
found that complexing the antigen to CLDC resulted in the preferential targeting of antigen
to resident pulmonary DC. We believe that DCs are the key cells responsible for increased
antigen presentation following antigen delivery with CLDC. We also noted the uptake of
labeled antigen by B cells and macrophages in the MLN, but the addition of CLDC did not
enhance antigen uptake by these cells. Therefore, we believe that the uptake of antigen by B
cells and macrophages in the MLN may have resulted from passive transport of soluble or
CLDC bound antigen directly through the lymphatics, without cell associated transport.

The ability of the CLDC adjuvant to improve antigen processing and presentation following
mucosal administration is not confined to the respiratory tract. For example, we have
recently reported that oral administration of CLDC-adjuvanted vaccines is also capable of
generating substantial protective immunity against pulmonary challenge with Yersinia
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pestis[87]. Thus, induction of efficient mucosal immunity, particularly at pulmonary
surfaces, appears to be a general property of CLDC-based adjuvants. Moreover, we also
found here that CLDC adjuvants performed well when compared to other conventional
adjuvants in terms of potency of both humoral and cellular immunity.

In summary, these findings suggest that liposome-nucleic acid based adjuvants are an
important new category of mucosal vaccine adjuvant that generates considerable activity
when combined with protein antigens. Properties that appear to contribute to the
effectiveness of CLDC for mucosal administration include efficient uptake by DC, rapid
transit of antigen-CLDC complexes to regional lymph nodes, and potent induction of
cytokines involved in IgA class-switching at mucosal surfaces.
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Fig. 1.
Mucosal immunization with CLDC adjuvant elicits systemic IgG. (A–C) C57BL/6 mice (5/
group) were intranasally vaccinated twice with 2 µg ovalbumin protein alone or in
conjunction with a CLDC adjuvant as described in Materials and Methods. At three weeks
post-vaccination serum was collected. An ELISA for ova-specific antibodies was performed
on serial dilutions using secondary antibodies to (A) total IgG, (B) IgG1, and (C) IgG2a. The
antibody titers are expressed as the reciprocal of the highest dilution of serum with an OD
reading of 0.1 above background. Similar results were seen in one additional experiment.
Significant differences (*p<0.05, **p<0.01) were determined by non-parametric ANOVA
followed by Dunn’s multiple means comparison.
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Fig. 2.
Mucosal immunization with CLDC adjuvant elicits local IgA responses. (A,B) C57BL/6
mice (10/group) were intranasally vaccinated twice with 2 µg ovalbumin protein alone or in
conjunction with a CLDC adjuvant as described in Materials and Methods. At three weeks
post-vaccination saliva and BAL fluid were collected. Results were pooled from two
independent experiments. An IgA ELISA for ova-specific antibodies was performed on
serial dilutions. The antibody titers are expressed as the reciprocal of the highest dilution of
a sample with an OD reading of 0.1 above background. Significant differences (*p<0.05,
**p<0.01, ***p<0.001) were determined by non-parametric ANOVA followed by Dunn’s
multiple means comparison.
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Fig. 3.
Mucosal immunization with CLDC-based vaccines results in the cross-priming of CD8+ T
cells. C57BL/6 mice (5/group) were intranasally vaccinated twice with 2 µg ovalbumin
protein alone or in conjunction with a CLDC adjuvant as described in Materials and
Methods. One week after the second immunization, CD8+ T cell responses were measured
using H-2Kb/SIINFEKL tetramers as described in Materials and Methods. (A)
Representative FACS plot of SIINFEKL-specific CD8+ T cells elicited by vaccination with
ova peptide in CLDC adjuvant in the BAL fluid. (B) Total CD8+ T cells were gated for
analysis (after excluding MHC class II+ cells), and the percentage of the total CD8+ T cells
that were H-2Kb/SIINFEKL+ was plotted for the BAL fluid, lungs, and peripheral blood
mononuclear cells. Similar results were seen in one additional experiment, significant
differences (*p<0.05, **p<0.01) were determined by non-parametric ANOVA followed by
Dunn’s multiple means comparison.
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Fig. 4.
Mucosal immunization with CLDC adjuvanted vaccines induce the production of IL-6 in the
airways and lung tissues. C57BL/6 mice (5/group) were given intranasal CLDC 24 hours
prior to collecting the BAL fluid and lung tissue. The lung supernatant was collected after
tissue homogenization, as described in the Materials and Methods. The mouse inflammatory
cytometric bead array was used to determine the concentration of IL-6 produced following
stimulation with CLDC, as described in the Materials and Methods. Similar results were
seen in one additional experiment, the asterisks denote significant differences (** p<0.01)
determined by non-parametric Mann-Whitney t Test.
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Fig. 5.
Antigens complexed to CLDC were delivered to the mediastinal lymph node following
mucosal immunization and were taken up efficiently by dendritic cells. Mice (5/group) were
given intranasal Alexa647 ovalbumin (5 ug) in association with CLDC 6 hours prior to the
collection of the draining mediastinal lymph node. (A) Representative FACS plots of
Alexa647+ cells found in the lymphonode, the numbers represent the percent of Alexa647+

cells. (B) Quantification of Alexa647+ cells in the lymphnode. Significant differences
(*p<0.05) were determined by non-parametric ANOVA followed by Dunn’s multiple means
comparison. (C) Representative FACS plot of CD11c+ dendritic cells found in the
lymphnode. There was no significant difference in total number of CD11c+ DC found in the
MLN between the mice given Alexa647-ova alone and the mice given Alexa647-ova in
conjunction with CLDC. Following the staining of CD11c, the cells were analyzed for the
uptake of Alexa647 ovalbumin, and a significant difference was found between the
Alexa647-ova alone group and the Alexa647-ova+ CLDC group (**p=0.007). Similar
results were seen in one additional experiment.
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Fig. 6.
Mucosal immunization with heat killed bacteria and CLDC adjuvant generates effective
protective immunity against lethal pulmonary challenge with Burkholderia pseudomallei.
BALB/c mice (n = 4–5 mice per non-vaccinated control and CLDC groups, and 9 mice per
HK Bp and HK Bp + CLDC groups) were primed intranasally with 1 × 105 CFU heat-killed
B. pseudomallei 1026b suspended in D5W buffer or with heat-killed bacteria complexed to
the CLDC adjuvant. Mice were boosted in the same manner 10 days later. Mice in the
CLDC alone group were primed and boosted with this adjuvant alone. All animals were then
challenged intranasally with 7500 CFU live B. pseudomallei 1026b 14 days following the
boost, and survival was monitored. Statistical differences in survival times were determined
by Kaplan-Meier curves followed by log-rank test. The Bonferroni corrected threshold was
applied and comparisons with p < 0.013 were considered significant. (*p = 0.01 for mice
vaccinated with heat-killed bacteria alone vs. those vaccinated with heat-killed bacteria
complexed to CLDC). Data shown are representative of 2 combined independent
experiments.
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Fig. 7.
Mucosal immunization with CLDC adjuvant elicits potent immune responses equivalent to
leading mucosal vaccine adjuvants. (A–C) C57BL/6 mice (5/group) were intranasally
vaccinated twice with 2 µg ovalbumin protein alone or in conjunction with a CLDC
adjuvant, a CTB adjuvant (5 µg), or a CpG adjuvant (10 µg), as described in Materials and
Methods. One week after the second immunization the BAL fluid was collected. (A,B) An
ELISA for ova-specific antibodies was performed on serial dilutions of the BAL fluid using
secondary antibodies to (A) IgA and (B) Total IgG. The antibody titers are expressed as the
reciprocal of the highest dilution of serum with an OD reading of 0.1 above background. (C)
Total CD8+ T cells were gated for analysis (after excluding MHC class II+ cells), and the
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percentage of the total CD8+ T cells that were H-2Kb/SIINFEKL+ was plotted for BAL
fluid. Similar results were seen in one additional experiment. Significant differences
(*p<0.05, **p<0.01, ***p<0.001) were determined by non-parametric ANOVA followed by
Dunn’s multiple means comparison.
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