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Abstract

The mucosa is the primary point of entry for pathogens making it an important vaccination site to 

produce a protective mucosal immune response. While the sublingual (SL) mucosa presents 

several barriers to vaccine penetration, its unique anatomy and physiology makes it one of the best 

options for mucosal vaccination. Efficient and directed delivery of adjuvants and antigens to 

appropriate immune mediators in the SL tissue will aid in development of effective SL vaccines 

against infectious diseases. Herein we demonstrate a robust immune response against influenza 

antigens co-delivered sublingually with engineered liposomes carrying the synthetic toll like 

receptor-4 agonist, CRX-601. Liposome modification with PEG copolymers (Pluronics), 

phospholipid- PEG conjugates and chitosan were evaluated for their ability to generate an immune 

response in a SL murine influenza vaccine model. Phospholipid-PEG conjugates were more 

effective than Pluronic copolymers in generating stable, surface neutral liposomes. SL vaccination 

with surface modified liposomes carrying CRX-601 adjuvant generated significant improvements 

in flu-specific responses compared to unmodified liposomes. Furthermore, the coating of modified 

liposomes with methylglycol chitosan produced the most effective flu-specific immune response. 

These results demonstrate efficient SL vaccine delivery utilizing a combination of a mucoadhesive 

and surface neutral liposomes to achieve a robust mucosal and systemic immune response.
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Introduction

Advances in immunology, coupled with recent technological developments have 

transformed the field of vaccines with safer subunit vaccines, novel delivery systems, and 

rationally designed adjuvants and immunomodulators [1]. Further advancements have in 

part focused on exploiting non-invasive routes of vaccination, particularly the mucosal 

routes. Amongst the various mucosal sites, the sublingual (SL) surface is well suited for 

vaccination due to its unique anatomy and physiology. The SL mucosa has low enzyme 

activity, easy access to lymphatic system (membrane is only 8 – 12 cells thick), and the 

human SL mucosa is covered by a non-keratinized epithelium, rendering it relatively 

pervious to vaccine delivery [2]. Previous reports have demonstrated the rapid transport of 

antigens across the SL mucosa [2, 3]. Moreover, the tissue is rich in Langerhans cells, as 

well as other APCs such as the myeloid and the plasmacytoid dendritic cells, which are 

important targets for the induction of a protective immune response. With the correct co-

stimulatory environment and antigen uptake these APCs are capable of entering the 

lymphatic system and migrating to local and distant lymph nodes generating both systemic 

and mucosal immunity [4].

A number of sublingual immunotherapy (SLIT) vaccines, such as SLITone®, Sublivac®, 

Grazax®, Oralair®, and AllerSlit®forte, are approved for treatment of type I allergies [2]. 

Considerably less attention has been directed towards SL vaccines for infectious diseases, 

with no approved products and relatively few investigations reported in literature [5]. The 

lack of successful SL vaccine candidates against infectious diseases is indicative of the 

underlying challenge of generating a robust immune response via the SL route of 

administration. The focus has begun to shift towards finding appropriate SL adjuvants and 

delivery methods to direct potent immune responses to co-delivered antigens and avoid 

immune tolerance more commonly observed for antigens delivered via this route [6, 7]. In 

particular efficient delivery of adjuvants and antigens to appropriate immune mediators in 

the SL tissue is a key requirement for development of a successful SL vaccine.

In the present study, we aim to address the challenges to effective SL vaccination using a 

synthetic toll like receptor 4 (TLR4) adjuvant, CRX-601, delivered through liposome 

vehicles engineered for efficient transport across the SL mucosa. CRX-601, a synthetic 

aminoalkyl glucosaminide 4-phosphate (AGP), is an effective intranasal mucosal adjuvant 

with the ability to improve humoral and cell-mediated immune responses to influenza [8]. 
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Being amphiphillic, CRX-601 is rapidly incorporated into liposomes, which greatly reduces 

its pyrogenicity in rabbits and may translate to improved safety in humans [8]. Considering 

the additional barriers to delivery of liposomal CRX-601 through the SL surface and our 

preliminary studies indicating low immunological activity, modification of the vehicle for 

improved delivery was considered necessary.

To further improve the properties of liposomes for SL delivery of CRX-601, we evaluated 

two contrasting modification strategies to improve the mucus- penetrating or adhesive 

properties of CRX-601 liposomes. The first approach evaluated here was based on reports 

that nanoparticles with a hydrophilic and an electrically neutral surface can rapidly penetrate 

the mucus layers and achieve efficient delivery across a variety of mucosal surfaces [9]. 

Such particles, termed mucoinert or mucus penetrating by the authors, were achieved by 

chemical coupling of low–molecular weight poly(ethylene glycol) (PEG) at high densities 

on solid nanoparticles [10, 11] or self-assembly of amphiphilic PEG copolymers [12]. 

Others have described Pluronic F127 coated mucus penetrating liposomes for delivery 

across the intestinal mucus [13, 14]. However, the effectiveness of mucus penetration, at 

least for PLGA and polystyrene based systems, has been reported to be highly dependent on 

the PEG chain length and density [11]. It has also been noted that Pluronic copolymers can 

cause substantial membrane destabilization upon addition of even small amounts (∼ 2 mol

%) [15-18]. A more innocuous way of achieving liposome PEG coating is using PEG lipid 

conjugates with long acyl chain lipid anchors, such as DSPE [19]. These conjugates are 

efficiently incorporated into liposome membranes with long term retention in the membrane 

[19]. Herein, we describe the development and optimization of CRX-601 liposomes for SL 

vaccination by evaluating liposome modification with 1) Pluronic copolymers which vary in 

lengths of their hydrophilic and hydrophobic blocks, 2) phospholipid-PEG conjugates, and 

3) varying extent of Pluronic/phospholipid-PEG modification.

Alternatively, mucoadhesive liposomes are employed for increasing the retention time at the 

delivery site [20]. The widely used mucoadhesive chitosan and its derivatives are a popular 

choice for preparation of chitosan coated liposomes [21, 22]. An additional benefit to using 

chitosan is its ability to act as a permeation enhancer by opening epithelial tight junctions 

[23]. Coating liposome carriers with the chitosan derivatives was also evaluated in this 

study. While there is considerable interest in employing either muco- penetration or 

adhesion for mucosal delivery, few studies provide a comparative evaluation of both 

approaches to optimize mucosal delivery [13]. Furthermore, we evaluated combination 

approaches with chitosan derivatives to capitalize on the benefits of muco-penetration via 

liposome modification and the tight junction opening properties of chitosan. We provide a 

comparative and combinatorial evaluation of mucus- penetrating and -adhesive strategies in 

the context of SL immunity using a mouse model of influenza vaccination.

Materials and methods

Materials

The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and the phospholipid-

PEG conjugates, [N-(carbonyl-methoxypolyethylenglycol-2000)-1,2-distearoyl-sn-

glycero-3-phosphoethanolamine sodium salt (PE-PEG2K) and N-(carbonyl-
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methoxypolyethylenglycol-5000)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 

sodium salt (PE-PEG5K) were from Lipoid (Lipoid GmbH, Ludwigshafen, Germany). The 

block copolymers of PEG and propylene oxide (PO) (Pluronics, Table 1), F127, F68, and 

L64 were from Sigma-Aldrich (St Louis, MO, USA), BASF (Florham Park, New Jersey), 

and Spectrum chemicals (New Brunswick, NJ), respectively. Methylglycol chitosan 

(chitosan glycol trimethyl ammonium iodide, MGC), glycol chitosan (GC), chitosan 

oligosaccharide lactate (CO) and cholesterol were from Sigma-Aldrich (St Louis, MO, 

USA), 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) was from Acros 

Organics (Waltham, MA, USA), Millex-GV 0.22 μm PVDF syringe filters were from EMD 

Millipore (Billerica, MA, USA). All organic solvents used for RP-HPLC and otherwise were 

of HPLC grade. The aminoalkyl glucosaminide 4-phosphate (AGP) CRX-601 was 

synthesized as described previously [24] and purified by flash chromatography on silica gel 

(to >95% purity) as a monoethanolamine salt.

Preparation of liposomes

Unmodified liposomes—The CRX-601, DOPC, and cholesterol were dissolved in 

tetrahydrofuran (THF) in a round bottom flask. The organic solvent removed by 

evaporation, first on a rotary evaporator to obtain a thin film and further with high vaccum 

for 12 hrs to remove residual solvent. The film was dispersed in 10 mM HEPES-saline 

buffer pH 7.0 using sonication on a water bath (20 – 30 °C) with intermittent vortexing until 

all the film was completely dispersed into solution (30 min – 1.5 h). The emulsion was then 

extruded successively through polycarbonate filters, with the final pass through 200 nm 

membranes, using a lipid miniextruder (Lipex™ extruder, Northern Lipids Inc., Canada) 

under N2 to form unilamellar liposomes. The liposome composition was then aseptically 

filtered using a 0.22 μm filter into a sterile depyrogenated container and stored at 2 – 8°C 

until further use. The amounts of individual ingredients were chosen so as to obtain final 

target concentrations of 2 mg/mL CRX- 601, 10 mg/mL cholesterol, and 40 mg/mL 

phospholipid. Blank liposomes were prepared using a similar procedure but without 

CRX-601.

Phospholipid-PEG modified liposomes—The procedure was similar to preparation of 

unmodified liposomes except that the conjugate PE-PEG2K or PE-PEG5K was co-dissolved 

with CRX-601, DOPC, and cholesterol during thin film preparation. By varying the amount 

of PE-PEG added, liposomes with 1 – 25 mole % PE-PEG (wrt DOPC) substitution were 

obtained.

Pluronic modified liposomes—The procedure was similar to preparation of 

conventional liposomes except that the individual Pluronic was co-dissolved with CRX-601 

and DOPC during thin film preparation. No cholesterol was included in these preparations 

as it was reported to reduce incorporation of Pluronics into the phospholipid bilayer [17]. By 

varying the amount of Pluronic added, liposomes with 1 – 25 mole % Pluronic (wrt DOPC) 

addition were obtained.
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Chitosan coated liposomes—For preparation of chitosan coated liposomes, MGC was 

dissolved in 10 mM HEPES-saline buffer (pH 7.0), sterile filtered using a 0.22 μm filter and 

admixed with CRX-601 liposomes at varying ratios.

Characterization of formulations

Liposomes were characterized by dynamic light scattering (DLS) using a Malvern Zetasizer 

Nano ZS (Malvern Instruments, USA) for zeta (ζ)-potential, particle size, and polydispersity 

indices (PDI) using standard analytical technique. Samples (8 μL) were diluted with 800 μL 

ultrapure water before measurement. The average values given are calculated with intensity 

distribution data and are the means ± standard deviation of three independent experiments.

The concentration of CRX-601 in formulations was determined by ion-pair reverse phase 

high-performance liquid chromatography (RP-HPLC, Waters Alliance 2690/2695, Milford, 

MA) on a C8 column (Ace 3, 3 μm, 50 mm × 3.0 mm; Mac-Mod Analytical, Chadds Ford, 

PA) and UV detection at 210 nm (Waters model 2487 or 996 PDA detector). Elution 

consisted of a linear gradient at 0.8 mL/min from 50% to 100% B over 10 min and 100% B 

for 5 min. Solvent A consisted of 8% ACN, 2% buffer and 90% water. Solvent B consisted 

of 2% buffer in ACN. Buffer was prepared from 62.5 mL of 0.4 M tetrabutylammonium 

hydroxide in water with pH adjustment to 6.0 with 15 M phosphoric acid and a final volume 

of 100 mL. Samples were diluted in THF (1:1 v/v) and analyzed against a five-point 

standard curve with system suitability injections at the start and the end of the run.

Stability testing

Formulations were stored at 2 – 8 °C, 25 °C, and 40 °C without humidity control. At 

predetermined time intervals, the formulations were observed for possible signs of 

agglomeration/settling. Detailed analysis of size, PDI and ζ-potential was also performed.

Rabbit pyrogen test

The pyrogen test is used here as a surrogate measure of CRX-601 incorporation into 

liposomes and as a measure of their stability in biological milieu. The test was performed at 

Pacific Biolabs (Hercules, CA) following the procedures outlined in USP<151>. Briefly, 

naïve female New Zealand White rabbits (n = 3), weighing at least 2 Kg, were administered 

the test article in a 3 mL/Kg dose via the ear vein. Body temperature was measured using 

rectal temperature-measuring probe 30 min prior to administration and thereafter at 30 

minute intervals between 1 and 3 hours following administration. The test article was 

considered pyrogen free if none of the rabbits showed an individual temperature rise of 0.5 

°C or more above its respective control temperature at any point.

Sublingual vaccination of mice

For vaccination, female BALB/c mice (6 to 8 weeks of age) from Charles River 

Laboratories (Wilmington, MA) were anesthetized by intraperitoneal (IP) administration of 

ketamine (100 mg/kg) and xylazine (10 mg/kg), and vaccinated by SL (6 μL/mouse) or 

intramuscular (IM, 50 μL/mouse) administration on days 0, 21 and 42. All animals in the SL 

treatment groups received 3.0 μg HA (monovalent detergent-split influenza (A/Victoria/
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210/2009 H3N2)) in combination with blank liposome, various CRX-601 loaded liposomes, 

or CRX-601 loaded liposomes in combination with MGC. Animals in the IM group received 

1.5 or 3.0 μg HA in combination with CRX-601. The CRX-601, when present, was dosed at 

5 μg/animal in SL groups and 1 μg/animal in the IM group. All vaccine dilutions were made 

in 10 mM HEPES-saline. Serum was harvested from mice under anesthesia on day 36 (14 

days post-secondary immunization, 14dp2). On day 56 (14dp3) mice were sacrificed, and 

vaginal wash, tracheal wash and serum samples were collected as described previously [8]. 

All samples were stored at − 70 °C prior to analysis. All animals were used in accordance 

with guidelines established by the U.S. Department of Health and Human Services Office of 

Laboratory Animal Welfare and the Institutional Animal Care and Use Committee at GSK 

Vaccines, Hamilton, Montana.

Determination of specific antibody responses

Antibody responses specific to flu were measured by two independent immunoassays, the 

influenza hemagglutination inhibition (HI) assay and the enzyme linked immunosorbent 

assay (ELISA).

Quantitative analysis of the functional antibody response in mice vaccinated with influenza 

vaccines was performed using a standard HI assay. Briefly, chicken red blood cells (RBCs) 

were washed once with Alsever's solution (Sigma) and two times with Dulbecco's phosphate 

buffered saline (DPBS, Sigma). Serum samples (14dp3) from vaccinated mice were treated 

with a 1.6% solution of receptor destroying enzyme (RDE, Sigma), to eliminate non-specific 

inhibitors of hemagglutination (18 h at 37 °C), prior to addition of sodium citrate solution 

(Sigma) at 0.75% final concentration for 30 min at 56 °C. RDE-treated serum samples were 

incubated with a 2.5% solution of washed-RBCs for 60 min at 4 °C, to eliminate non-

specific hemagglutination by endogenous serum constituents (supernatants were collected 

and background hemagglutination was evaluated by incubation with 0.5% RBC suspension 

for 45 min at room temperature [RT]). Whole inactivated influenza virus (H3N2, A/

Victoria/210/2009) was back-titrated to ensure 8 HA units/50 μL immediately prior to and 

after performing the HI assay. RDE/RBC-treated serum samples (1:20 dilution during 

pretreatment) were added to wells of a 96-well microtiter plate and serially diluted by two-

fold dilutions down the plate. Diluted influenza virus (8 HA units/50 μL) was added to 

serum samples and incubated for 45 min at RT. 0.5% RBC suspension was added to each 

well and incubated for 45 min at RT. Plates were immediately evaluated for 

hemagglutination inhibition (tear-drop pattern). The functional antibody (HI) titer represents 

the reciprocal of the last sample dilution that does not produce a complete or partial 

agglutination of RBCs.

Anti-flu IgG titers in mouse serum samples (14dp2 and 14dp3) and IgA levels in both 

mucosal vaginal and tracheal wash samples were analyzed by ELISA as previously 

described [8], with the following modifications. 96-well nunc MaxiSorp plates (Thermo 

Fisher Scientific, Rochester, NY) were coated overnight with 2.0 μg/mL of monovalent 

detergent-split flu antigen (H3N2, A/Victoria/210/2009) in DPBS. For standard curves, 

wells were coated with goat anti-mouse IgG or IgA (1 μg/mL or 4 μg/mL, respectively). 

Plates were washed and blocked with Super Blok (ScyTek, Logan, UT) for 1 h at 37 °C. 
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Serum, mucosal wash samples were added in diluting buffer (DPBS, 1% bovine serum 

albumin, 0.1%Tween 20, 5% heat inactivated fetal bovine serum) and titrated in two-fold 

serial dilutions down the assay plate. For standard curves, murine IgG (Sigma), or IgA 

(Thermo Fisher Scientific) were added in dilution buffer (at 200 ng/mL, or 125 ng/mL, 

respectively) and similarly titrated in two-fold serial dilutions down the assay plate. 

Following 1 h of incubation at 37 °C, bound antibody was detected with peroxidase goat 

anti-mouse IgG or IgA (Southern Biotech, Birmingham, AL, 1 h at 37 °C) and 3,3′,5,5′-

tetramethylbenzidine substrate. The optical density was read at 450 nm and antibody titers 

were extrapolated from the corresponding standard curve.

Statistics

Statistical comparisons for liposome size and ζ-potential were performed using Student t-test 

(two-tails, equal variance) with Microsoft Excel 2007 (Microsoft Corporation, Redmond, 

WA). Titers from mouse SL studies were analyzed using one way analysis of variance 

(ANOVA) with Tukey's multiple comparisons test using GraphPad Prism version 6.01 for 

Windows (GraphPad Software, San Diego, CA). P values less than 0.05 were considered 

significant.

Results

Preparation and characterization of liposomal formulations with CRX-601 adjuvant

(Table 2 shows the particle size, PDI and ζ-potential of unmodified, phospholipid-PEG 

modified, and Pluronic modified CRX-601 liposomes).

Phospholipid-PEG modified liposomes—Modification with 1, 5 and 25 mol% PE-

PEG2K or PE-PEG5K did not alter the size or PDI compared to unmodified liposomes, but 

significantly (P < 0.05) changed the negative ζ-potential to a more neutral value. For 

example, the average ζ-potential for liposomes with 1% PE-PEG5K modification was – 9 

mV, significantly (P < 0.05) more neutral compared to unmodified liposomes with a 

potential of – 37 mV. Such an effect is characteristic of PEG mediated shielding of surface 

charge [27, 28] and indicates an efficient incorporation of phospholipid-PEG conjugates into 

the liposome membrane.

Pluronic modified liposomes—Physiochemical assessments for 5, 15 and 25 mol% 

modification with Pluronics L64, F68 and F127 are shown in Table 2. Modification with 

Pluronic F68 led to a significant increase (P < 0.05) in hydrodynamic diameter by ∼ 60 nm 

at both 15 and 25% modification when compared to unmodified liposomes. No significant 

changes in diameter were measured with L64 or F127 modification. Modification with 

Pluronic copolymers led to a stoichiometry dependent partial reduction in net negative 

surface charge of the liposomes, with 25% modification having the largest reduction (by –15 

to –30 mV) for all three Pluronics. The reduction in surface charge was however not 

significantly different from unmodified liposomes, except in the case of liposomes with 5% 

and 25% F127 modification (P < 0.05). This indicates only a partial shielding of surface 

charge with Pluronic modification, especially with L64 and F68 modification, and is likely 

due to their limited incorporation into liposomes, as reported previously [29].
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Chitosan coated liposomes—The commonly used chitosan mucoadhesive, N-

deacytelated chitosan (pKa of primary amines is ∼ 6.5 [30]), has limited utility under 

physiological conditions due to its poor solubility (< 1mg/mL) and reduced activity at 

neutral and alkaline pH [31]. Thus, chitosan derivatives: MGC, GC and CO with increased 

solubility (> 10 mg/mL) at neutral pH were chosen for evaluation in this study. Chitosan 

coated liposome formulations were prepared by admixing unmodified, phospholipid-PEG 

modified, or Pluronic modified CRX-601 liposomes with the chitosan derivative and 

evaluated for changes in size and ζ-potential. When combined with MGC, unmodified 

liposomes exhibited aggregation, leading to precipitation, at 0.2 – 1 mg/mL MGC, indicated 

in Figure 1A as particles exhibiting size in the μm range. At MGC concentrations exceeding 

1 mg/mL, the formulations appeared colloidally stable initially but tended to aggregate over 

1 – 4 days (Figure S1). PE-PEG2K and PE-PEG5K modified liposomes with 5 mol% 

modification were colloidally stable in presence of MGC with no major change in size at 

any of concentrations tested (Figure 1A). Reversal in ζ-potential from a negative potential to 

positive, occurred at approximately 0.5 mg/ml MGC with unmodified liposomes and 1 

mg/mL with 5% PE-PEG2K or PE-PEG5K modification. Modification with as little as 1 

mol% PE-PEG2K or PE-PEG5K was demonstrated to provide sufficient protection against 

MGC induced aggregation at most concentrations (Figure S2A). At 1% modification, PE-

PEG5K liposomes were more resistant to MGC induced aggregation than PE-PEG2K 

modified liposomes (Figure S2A). At 0.4 – 0.6 mg/mL MGC, no major change in particle 

size or PDI were observed with 1% PE-PEG5K modification but an increase in size to the 

μm range were observed with 1% PE-PEG2K modification. Modification of up to 25% did 

not result in any destabilization/aggregation in presence of MGC (Figure S2B).

Amongst Pluronic modified liposomes, F127 modified liposomes were the most stable, 

exhibiting no visible aggregation or increase in polydispersity over the complete range of 

MGC concentrations evaluated (Figure 1B). Increase in particle size was about 10 – 30 nm, 

and reversal of ζ-potential from a net negative to positive potential occurred at MGC 

concentrations ≥ 0.4 mg/mL. F127 modified liposomes at 15 and 25 % modification were 

similarly stable in presence of MGC (Figure S3A), but at 1% modification indicated 

aggregation (data not shown). Liposomes with 5 mol% L64 modification when combined 

with MGC, showed an increase in size and polydispersity at 0.2 – 0.8 mg/mL MGC (Figure 

1B), corresponding to complete neutralization of liposome surface charge. At ≥ 1 mg/mL 

MGC, similar to unmodified liposomes, the L64 modified liposomes appeared stable 

initially but tended to aggregate and precipitate over time (Figure 1B, S1). F68 modified 

liposomes were the least stable, and caused instantaneous precipitation with MGC at all 

tested concentrations. Similar trends were observed with liposomes with higher Pluronic 

modification of 15 and 25% (Figure S3). Hence, the order of stability of Pluronic modified 

liposomes in presence of MGC was F127>L64>F68.

The summary of stability evaluation for these liposomal formulations in the presence of 

chitosan derivatives, MGC, GC and CO, is shown in Table 3. Overall, amongst all tested 

chitosan derivatives, least aggregation was observed with MGC. Phospholipid-PEG 

modified liposomes were more stable against chitosan induced aggregation than Pluronic 

liposomes. PE-PEG5K liposomes were more stable than PE-PEG2K liposomes, as evident 
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by lack of any change in size/PDI in presence of MGC at 1% modification and improved 

stability in the presence of GC and CO. This could be due to a more efficient steric 

stabilization by the relatively longer PEG5K chain compared to the PEG2K chain.

Preliminary stability testing

Phospholipid-PEG modified liposomes with 1, 5, and 25 mol% modification and Pluronic 

modified liposomes with 5, 15, and 25 mol% modifications were stored at 2-8, 25 °C, and 

40 °C and observed for possible signs of agglomeration/settling and changes in size, PDI 

and ζ-potential. Phospholipid-PEG liposomes, except with 25 % PE-PEG5K modification, 

did not show any settling, phase separation, creaming or any significant changes in particle 

size and ζ-potential for up to 4 weeks at 40 °C (data not shown). The 25 mol% PE-PEG5K 

liposomes formed gels in about 2 weeks on storage at 40 °C. No changes were observed at 

the other storage temperature of 2 – 8 °C and 25 °C. Amongst Pluronic modified liposomes, 

predominantly F68 liposomes and to some extent L64 modified liposomes within 1 – 4 

weeks showed a creaming-like behavior with settling of particles and appearance of a clear 

continuous phase on top or bottom at all storage temperatures. This was not accompanied by 

any changes in particle size or ζ-potential (data not shown). The 25% F127 modified 

liposomes stored at 40 °C also formed gels, in agreement with the known thermogelling 

behavior of F127 [26, 32]. The gelling behavior for 25% PE-PEG5K and F127 is consistent 

with decreased solubility of PEG chains at higher temperatures.

Improved safety profile of CRX-601 with liposomes

The maximum intravenous non-pyrogenic dose of aqueous CRX-601 in New Zealand white 

rabbits is 1 ng/kg. Incorporation of CRX-601 into unmodified liposomes (CRX-601/DOPC 

= 1/20) improves the safety profile by reducing the pyrogenicity >500-fold (Table 4). 

Similar improvements in terms of reduced pyrogenicity were observed with PE-PEG2K and 

PE-PEG5K modified liposomes. This improvement in non-pyrogenic dose was reduced with 

Pluronic modified liposomes compared to unmodified or PE-PEG modified liposomes. F68 

and F127 modified liposomes were non-pyrogenic at 250 ng/kg (250-fold improvement over 

aqueous CRX-601). With the exception of 25% F127 modified liposomes, all Pluronic 

modified liposome formulations were pyrogenic at 500 ng/kg. This indicates possibly a 

lower encapsulation or faster release of CRX-601 compared to unmodified or phospholipid-

PEG modified liposomes. L64 modified liposomes were pyrogenic at 250 ng/kg, suggesting 

the lowest degree of CRX-601 encapsulation or fastest release rate amongst all Pluronic 

modified liposomes tested.

Sublingual vaccination of mice with PEG modified liposome formulations

The effectiveness of CRX-601 loaded phospholipid-PEG and Pluronic liposome 

formulations for SL vaccination against split-flu was evaluated in a murine model. Mice 

were vaccinated SL on days 0, 21 and 42 with 3 μg (HA) of detergent split influenza antigen 

in combination with either blank liposomes, CRX-601 loaded PE-PEG liposomes (Figure 2), 

or CRX-601 loaded Pluronic liposomes (Figure 3). Serum and mucosal wash samples 

collected on day 56 (14dp3) were evaluated for flu specific immune responses by influenza 

hemagglutination inhibition (HI) assay, and anti-flu IgG and IgA by ELISA.
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Amongst the phospholipid-PEG modified liposomes tested, only the CRX-601/25% PE-

PEG5K modified liposomes induced functional HI titers and serum IgG levels significantly 

higher (P < 0.05) than unmodified liposomes and equivalent to that of IM vaccinated 

controls (Figure 2A, S4). None of the other adjuvanted PE-PEG2K or PE-PEK5K modified 

CRX-601 liposome groups demonstrated improvement over unmodified CRX-601 

liposomes. Functional serum HI titers correlated with flu-specific IgG concentrations 

(Figure S4). Additionally, anti-flu IgA antibodies were readily detected at both local 

(tracheal wash, TW) and distal (vaginal wash, VW) mucosal sites in all mice vaccinated SL 

(Figure 2B), but were below the level of detection in the IM vaccinated and naïve groups. 

VW IgA levels were generally higher than TW IgA levels.

No significant differences in IgA levels were noted between the various CRX-601 liposome 

groups or antigen alone vaccination, although mice vaccinated with 25% PE-PEG2K or PE-

PEK5K modified CRX-601 liposomes exhibited higher numbers of mice with measurable 

TW and VW IgA responses.

CRX-601 loaded Pluronic liposomes induced functional HI titers that trended higher than 

the unmodified liposome group, but did not provide any statistically significant 

improvement over unmodified CRX-601 liposomes (Figure 3, S5). HI titers were highest for 

the CRX-601 adjuvanted 25% L64 liposome groups, not significantly different from that of 

IM vaccinated controls (870 ± 274 compared to 1040 ± 100, respectively), and were closely 

followed by those from F68, and F127 liposome treatment groups. Between the liposomes 

groups with 15 and 25% modification, no significant improvement in titers were noted with 

increasing PEG concentrations. HI titers were higher for each of the 25% Pluronic modified 

liposome groups containing CRX-601 adjuvant compared to respective vehicle controls. 

However, these differences were not statistically significant (P > 0.05) and the high titers 

observed in the absence of CRX-601 could be due to the previously reported adjuvant effect 

of Pluronics [33, 34]. IgG responses largely correlated with HI titers, except for CRX-601 

adjuvanted 25% L64 and 25% F68 liposome groups where IgG concentrations were 

significantly higher compared to the respective vehicle controls (Figure S5). All SL groups 

elicited strong mucosal IgA responses, with higher levels in VW compared to TW (Figure 

3B).

Sublingual vaccination with chitosan coated liposome formulations

To determine the potential added value of chitosan coated liposomes, PE-PEG5K (5 mol%) 

modified CRX-601 liposomes were coated with MGC or CO, admixed with split-flu antigen 

and evaluated following SL vaccination of mice (Figure 4). All groups vaccinated SL with 

CRX-601 adjuvanted formulations exhibited strong functional HI titers with at least 6 of 8 

mice seroconverting in each group (compared to naïve group for which none of the mice had 

detectable HI titers). When evaluated in combination with 25 μg MGC, both PE-PEG2K and 

PE-PEG5K modified liposome groups induced serum HI titers significantly higher than 

unmodified liposome treatment group (P < 0.005). CO appeared to have a weaker affect 

than MGC with lower overall titers when combined with liposomes with equivalent 

modification (e.g. for PE-PEG5K liposomes, 200 ± 48 with MGC compared to 133 ± 40 

with CO) and did not provide a significant improvement over the unmodified liposome 

Oberoi et al. Page 10

J Control Release. Author manuscript; available in PMC 2017 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



group. Notably, all mice seroconverted in the vehicle control group (PE-PEG2K liposomes) 

with 10 μg MGC, which is in agreement with the known adjuvant effect of chitosan [35]. 

Antigen specific mucosal IgA was readily detected, with vaginal wash IgA concentrations 

generally higher than tracheal wash IgA (Figure S6). Two vaccine groups with all mice (8/8) 

demonstrating measurable IgA levels were the PE-PEG2K and PE-PEG5K modified 

CRX-601 liposomes with 25 μg MGC; the same groups also exhibited the highest HI titers.

For in vivo evaluation of Pluronic liposomes co-formulated with chitosan, only F127 

modified liposomes were tested (colloidally stable in presence of MGC and other 

derivatives) as L64 or F68 modified liposomes tended to aggregate and precipitate in 

presence of chitosan derivatives (Figure 1, 1S, Table 3). Functional HI titers for Pluronic 

F127 modified liposomes with 15 and 25 mol% modifications in combination with MGC are 

shown in Figure 5. MGC coated CRX-601/15% F127 Pluronic liposomes with 25 or 50 μg 

MGC elicited significantly higher HI titers compared to unmodified liposomes (P < 0.0005). 

Addition of MGC to CRX-601/15% F127 liposomes group led to increase in HI titers in 

each case, but this increase was not significant over CRX-601/15% F127 liposomes without 

MGC. No significant differences were noted amongst the three different amounts of MGC 

tested although titers with either 25 or 50 μg MGC demonstrated lower variability and were 

not significantly different from the IM positive control. Mucosal anti-flu IgA responses were 

detected in the tracheal and vaginal wash samples for some mice in all CRX-601 adjuvanted 

groups (Figure S7). Unlike the PE-PEG modified liposomes, none of the groups had 100% 

of mice with positive IgA levels (Figures S6 and S7). Thus, the combination of CRX-601 

adjuvanted PEG modified (PE-PEG5K or Pluronic F127) liposomes with MGC resulted in 

highest functional antibody titers amongst the formulations evaluated within the scope of 

this work while PE-PEG5K plus MGC provided the most consistent mucosal IgA responses.

Discussion

While most vaccines continue to be administered intramuscularly or subcutaneously, further 

advancements in vaccines have focused on exploiting non-invasive routes of administration. 

Amongst the various mucosal routes, the SL surface in particular offers unique opportunities 

and challenges to vaccination. The relative thinness of SL mucosa allows rapid access to the 

underlying immune mediators, the effectiveness of which is evident by the success of SLIT 

[36]. Yet, the lack of successful SL vaccines against infectious diseases is indicative of the 

underlying challenge of overcoming the physical and immuno-tolerogenic barriers to 

delivery of such antigens. It has been envisioned that these limitations can be overcome 

using carrier mediated delivery of adjuvants and antigens across the SL mucosa. We have 

actively pursued the design of receptor specific chemically synthetic adjuvants and 

immunomodulators to trigger a specific immune response. CRX-601, a synthetic TLR4 

adjuvant, was identified as a potent mediator of cellular and humoral immunity to a variety 

of antigens including detergent split influenza antigens [8]. In the present study, we have 

evaluated the potential of using CRX-601 as a SL adjuvant with a monovalent detergent 

split influenza vaccine. Engineered liposomes were used to improve CRX-601 safety and 

delivery across the SL mucosa.
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The primary approach evaluated here relied on achieving dense PEG coating on liposome 

surface to achieve surface neutral liposomes. Such surface neutral nanoparticles [9-11, 28] 

and Pluronic F127 modified liposomes [13, 14] have previously been reported to be muco-

inert/mucus penetrating, allowing rapid diffusion through the mucus to the underlying 

epithelium. Our evaluation of various PEG polymers indicates that phospholipid-PEG 

conjugates (PE-PEG2K/PE-PEG5K) were more efficient in achieving surface charge 

neutralization on CRX-601 loaded liposomes compared to Pluronic copolymers (Table 2). 

Liposome with as little as 1% PE-PEG modification had a significant reduction in surface 

charge which could only be achieved effectively with Pluronic F127 modification and to a 

lesser extent with L64 at 25% modification. While Pluronic copolymers have previously 

been reported to have limited incorporation into unilamelar vesicles [29], it is also a 

possibility that the presence of CRX-601, which likely resides in the lipid bilayer, further 

reduced the incorporation of Pluronic copolymers into the liposome membrane. Indeed, 

Pluronic modified liposomes prepared without CRX-601 (not shown) had a lower surface 

potential than those prepared with CRX-601. The stability profiles of Pluronic liposomes 

was also reduced compared to phospholipid-PEG modified liposomes with a tendency to 

phase separate over time (1 week – month) at all storage temperatures for all Pluronic 

modified liposomes. Phospholipid-PEG liposomes were stable at all time-points and 

temperatures of 2 – 8 °C and 25 °C for up to 4 weeks tested. The gelation phenomenon 

observed with F127 and PE-PEG5K liposomes at 40 °C relates to the decreased solubility of 

PEG chains at higher temperatures and has been reported previously [26, 32]. Furthermore, 

the destabilizing effect of Pluronics on liposomes was evident from evaluation of CRX-601 

associated pyrogenicity in rabbits. While incorporation of CRX-601 into unmodified 

liposomes reduced its pyrogenicity 500-fold (Table 4), this reduction in pyrogenicity with 

Pluronic liposomes was 250-fold or less. Modification with L64, the most hydrophobic of 

the polymers tested, had the most destabilizing effect on liposomes and were pyrogenic at 

the lowest dose evaluated (250 ng/kg). Such membrane permeabilizing effect has previously 

been demonstrated with biological membranes by L64 [37] and with phosphatidylcholine 

liposomes by F127 [17]. Interestingly, F68 has widely been studied for injured membrane 

stabilization [38], but in our system did not show such an effect. This could be due to the 

high copolymer concentrations employed in our studies compared to the ones which 

reported a sealing effect [38]. No destabilizing effect was noted with phospholipid-PEGs, 

even at 25% modification. We therefore conclude that phospholipid-PEG conjugates are 

better suited for achieving dense PEG coating on the liposomal surface (with CRX-601) 

compared to Pluronic copolymers.

Furthermore, the steric stabilization effect achieved with phospholipid-PEGs and Pluronic 

F127 was instrumental in preparation of stable, sub-200 nm chitosan coated liposomes. 

Chitosan, a polysaccharide mucoadhesive, has extensively been employed for preparation of 

mucoadhesive-liposome systems [39-42]. These preparations rely on interaction of 

polycation charges on chitosan with the oppositely charged groups on the liposome surface 

to form polyelectrolyte complexes, yielding particles in the size range of 0.5 – 5 μm [42], 

[41]. However, the usefulness of these systems for SL delivery of an entrapped adjuvant 

(CRX-601) is limited by the fact that the average pore spacing for various mucus secretions 

has been reported to be less than 500 nm and is known to entrap particles in the micrometer 
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range [43, 44]. In fact, our unmodified liposomes exhibited precipitation in presence of 

chitosan derivatives (Figure 1A, S1, and Table 3) and were therefore not suitable for 

evaluation with chitosan derivatives. L64 and F68 modified liposomes formed aggregates in 

presence of chitosan derivatives as well (Figure 1, S1, S2, and Table 3). Only the 

formulations which exhibited a significant reduction in charge (phospholipid-PEG or 

Pluronic F127 modified liposomes) were resistant to chitosan induced aggregation (Figure 1, 

S1, S2, and Table 3). Thus it appears that the more neutral formulations are sterically 

stabilized and are resistant to chitosan induced aggregation whereas the unmodified, L64 

and F68 modified liposomes are charge stabilized and form aggregates upon chitosan 

induced neutralization of their repulsive charge. Of note, the interaction of these relatively 

surface neutral liposomes (phospholipid-PEG or Pluronic F127 modified liposomes) with 

chitosan derivatives, as shown for MGC (Figure 1, S2, S3), albeit reduced, was not 

completely abolished due to steric effects. This is evidenced by a small increase in 

hydrodynamic diameter and reversal of surface charge in each of the preparations. To our 

knowledge, this represents the first report utilizing sterically stabilized liposomes for 

preparation of mucoadhesive chitosan formulations in the sub-200 nm range. We envision 

this approach could be useful for mucosal delivery of complex bioactive payloads like 

CRX-601.

In addition to the physiochemical and analytical assessments of these promising mucosal 

adjuvant delivery systems, the comparative and combinatorial evaluation of the contrasting 

muco- penetrating and adhesive formulation strategies were evaluated for SL vaccine 

delivery in combination with a detergent split influenza vaccine. Overall, strong mucosal 

IgA responses were detected at both local (tracheal wash) and distal (vaginal wash) mucosal 

sites with all CRX-601 adjuvanted liposome formulations delivered SL. Some of the PEG 

modified CRX-601 liposome formulations matched the benchmark IM control for serum 

IgG and HI titers. Notably, the IM benchmark control used in these studies was adjuvanted 

with CRX-601 which is not a component of flu vaccine approved for human use, thereby 

increasing serum titers from what would be expected from the vaccine without CRX-601 

(data not shown). In general, a boost in flu-specific serum IgG concentration between 2nd 

and 3rd vaccinations was observed for most formulations with a good correlation amongst 

individual groups (data not shown). The average improvement in IgG levels between 2nd 

and 3rd vaccination was 3.5 fold for SL groups and 2.3 fold for IM groups. High variability 

in SL responses was observed for our unmodified liposome formulation, which fluctuated 

greatly both within and amongst multiple studies (Figure 2A vs. Figure 3A). A beneficial 

aspect of modified liposomes in this regard was a more consistent immune response between 

multiple studies. With regards to the liposome modification with PEG polymers, an increase 

in serum anti-flu response was detected with some of our phospholipid-PEG and Pluronic 

modified liposome formulations compared to unmodified liposomes. In the absence of 

chitosan derivatives, a significant improvement could only be detected for CRX-601/25% 

PE-PEG5K modified liposomes compared to unmodified liposomes (Figure 2). It is 

interesting to note that 25 mol% PE-PEG5K modified liposomes were the most surface 

neutral and their enhanced activity could relate to the reduced ζ-potential as suggested 

previously to be crucial for muco-inertness [45]. Amongst the Pluronic modified liposomes, 

surprisingly titers were highest for the L64 liposome groups rather than the more surface 
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neutral F127 liposomes (Figure 3). Considering the limited incorporation and destabilization 

of liposomes observed with L64, this effect could be mediated by processes other than 

increased diffusion of modified liposomes through the unaltered mucus. Surfactants can 

interact with biological membranes as well as alter the rheology of the mucus, making it less 

viscous and pervious to drug delivery [46]. The interaction of Pluronic copolymers, in 

particular L64, with biological membranes is well known and has been utilized for 

transfection of DNA vaccines [15]. We hypothesize that the improved mucosal delivery (in 

consideration of the enhanced SL effect) observed in our work could in part be due to the 

effects of free or desorbed Pluronic on mucus rheology and/or epithelial permeability.

Chitosan derivatives with improved solubility at neutral pH were chosen for preparation of 

mucoadhesive type liposome formulations. Methylglycol chitosan provided the most 

consistent formulations in terms of physicochemical characteristics and was also more 

effective than chitosan oligosaccharide lactate in its in vivo performance (Figure 4). With 

both PE-PEG5K and PE-PEG2K modified liposomes, a combination with MGC resulted in 

titers significantly higher (P < 0.05) than unmodified CRX-601 liposomes vaccinated mice 

(Figure 4). Similarly, addition of MGC to CRX-601/15 mol% F127 modified liposomes 

resulted in a significant improvement (P < 0.05) over unmodified CRX-601 liposomes 

(Figure 5). The top performing formulations were therefore combinations of PEG modified 

CRX-601 liposomes with MGC. The specific mechanisms for improved immunity are not 

known but could be related to retention of adjuvant-liposomes on the SL surface or more 

complex set of interactions involving retention and permeation of the flu antigen. It has been 

reported previously that interaction of chitosan with mucus can result in mucin aggregation 

due to suppression of its sialic acid group ionization [47]. This in principle could result in 

alteration of mucus barrier properties, allowing access for the muco-inert formulation to the 

underlying epithelium. Nonetheless, these results highlight the possibility of achieving a 

synergistic effect by combining novel muco-inert nanoparticles in combination with 

conventional mucoadhesives for sublingual delivery which bears implications for delivery 

through other mucosal sites as well, and thus needs further evaluation.

Conclusions

This study demonstrates that SL administration of detergent split influenza vaccine 

adjuvanted with CRX-601 in engineered liposomal carriers can elicit a systemic immune 

response comparable to or exceeding IM immunization. Moreover, SL vaccination elicits a 

flu-specific mucosal IgA response not produced by IM administration of the vaccine (with 

or without CRX-601). While modest improvement in response over unmodified CRX-601 

liposomes could be observed for the surface neutral PE-PEG modified and Pluronic F127 

modified liposomes carrying the adjuvant CRX-601, the combination of these formulations 

with the mucoadhesive MGC induced the most robust and consistent immune response. 

Such combination approaches could be the key to successful development of mucosal 

vaccines with complex payloads, and hence warrants further exploration.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stability of adjuvant-liposomes in presence methylglycol chitosan (MGC)
Size/PDI and ζ-potential values with increasing concentration of MGC for adjuvant-loaded 

unmodified, PE-PEG2K and PE-PEG5K modified liposomes (A) & (C); and Pluronic L64, 

F68 and F127 modified liposomes (B) & (D). For (A) & (B), sizes are plotted as bars on the 

left Y-axis and PDI values as dot plot on right Y-axis. Data are expressed as mean ± SD, (n 

= 3). Particles in the μm size range tended to precipitate over time.
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Figure 2. Flu specific HI titers and mucosal IgA following SL vaccination with phospholipid-
PEG modified liposomes
(A) Serum HI titers and (B) mucosal wash anti-flu IgA concentration from mice vaccinated 

with the indicated formulations. Serum, tracheal wash, and vaginal wash samples were 

collected from mice on day 56 following vaccination on days 0, 21 and 42. The horizontal 

dashed line represents the titer necessary for seroconversion. Anti-flu IgA concentration in 

vaginal wash (VW) and tracheal wash (TW) samples are indicated as black circles (●) and 

grey squares (■), respectively. Values less than the lower limit of quantitation (LLOQ) at 

1:20 sample dilution for HI titers and 1:100 dilution for IgA are represented as a value of 1. 

Data expressed as mean ± standard error (n = 8). **, P < 0.005 compared to unmodified 

liposome group; n.s., not significant (P > 0.05) compared to IM group.
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Figure 3. Flu specific HI titers and mucosal IgA responses following SL vaccination with 
Pluronic modified liposomes
(A) Serum HI titers and (B) mucosal wash anti-flu IgA concentration from mice vaccinated 

with the indicated formulations. Serum, tracheal wash, and vaginal wash samples were 

collected from mice on day 56 following vaccination on days 0, 21 and 42. The horizontal 

dashed line represents the titer necessary for seroconversion. Anti-flu IgA concentration in 

vaginal wash and tracheal wash samples are indicated as black circles (●) and grey squares 

(■), respectively. Values less than the LLOQ at 1:20 sample dilution for HI titers and 1:100 

dilution for IgA are represented as a value of 1. Data expressed as mean ± standard error (n 

= 8). n.s., not significant (P > 0.05) compared to unmodified liposome treatment group.
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Figure 4. Flu specific titers following SL vaccination with MGC or CO coated phospholipid-PEG 
modified liposomes
Serum HI titers from mice vaccinated with the indicated formulations. Serum samples were 

collected from mice on day 56 following vaccination on days 0, 21 and 42. The horizontal 

dashed line represents the titer necessary for seroconversion. Values less than the LLOQ at 

1:20 sample dilution are represented as a value of 1. Data expressed as mean ± standard 

error (n = 8). **, P < 0.005, compared to unmodified liposome group; *, P <0.05, compared 

to 10 μg CO + PE-PEG2K liposome group.
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Figure 5. Flu specific titers following SL vaccination with MGC coated Pluronic F127 liposomes
Serum functional antibody HI titers from mice vaccinated with the indicated formulations. 

Serum samples were collected from mice on day 56 following vaccination on days 0, 21 and 

42. The horizontal dashed line represents the titer necessary for seroconversion. Values less 

than the LLOQ at 1:20 sample dilution are represented as a value of 1. Data expressed as 

mean ± standard error (n = 8). ***, P < 0.0005 compared to unmodified liposome group; 

n.s., not significant (P > 0.05) compared to unmodified liposome treatment group.
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Table 2
Particle size, polydispersity, and ζ-potential of phospholipid-PEG and Pluronic modified 
liposomes

Formulation Diameter (nm) PDI ζ-potential (mV)

CRX-601/unmodified liposome 112 ± 34 0.19 ± 0.03 -37 ± 18

Phospholipid-PEG modified liposomes

CRX-601/1 mol% PE-PEG2K liposome 104 ± 23 0.21 ± 0.03 -13.5 ± 10*

CRX-601/5 mol% PE-PEG2K liposome 102 ± 15 0.23 ± 0.03 -15 ± 10*

CRX-601/25 mol% PE-PEG2K liposome 96 ± 14 0.19 ± 0.03 -8 ± 6*

CRX-601/1 mol% PE-PEG5K liposome 100 ± 8 0.22 ± 0.02 -9 ± 10*

CRX-601/5 mol% PE-PEG5K liposome 105 ± 15 0.20 ± 0.03 -10 ± 7*

CRX-601/25 mol% PE-PEG5K liposome 87 ± 13 0.22 ± 0.02 -5 ± 3*

Pluronic modified liposomes

CRX-601 /5 mol% L64 liposomes 108 ± 25 0.24 ± 0.05 -37 ± 18

CRX-601 /15 mol% L64 liposomes 99 ± 27 0.23 ± 0.02 -30 ± 20

CRX-601 /25 mol% L64 liposomes 120 ± 28 0.18 ± 0.06 -15 ± 14

CRX-601/ 5 mol% F68 liposomes 155 ± 26 0.16 ± 0.07 -47 ± 7

CRX-601/ 15 mol% F68 liposomes 173 ± 17* 0.12 ± 0.03 -34 ± 8

CRX-601 /25 mol% F68 liposomes 174 ± 9* 0.12 ± 0.04 -23 ± 2

CRX-601/5 mol% F127 liposome 125 ± 1 0.17 ± 0.02 -22 ± 3*

CRX-601/15 mol% F127 liposome 115 ± 23 0.18 ± 0.05 -19 ± 16

CRX-601/25 mol% F127 liposomes 135 ± 13 0.16 ± 0.05 -7 ± 1*

Data expressed as mean ± standard deviation (n = 3). P values less than 0.05 were set as the level of significance.

*
P < 0.05 compared to unmodified liposomes.
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Table 3
Stability summary of unmodified, phosholipid-PEG, and Pluronic liposomes with varying 

degree of modification against chitosan derivative induced aggregationa

Formulation + MGCb + GCc + COd

CRX-601 unmodified liposomes Aggregation Aggregation Aggregation

Phospholipid-PEG modified liposomes

CRX-601/PE-PEG2K liposome Stable at ≥ 1% modificatione Aggregation Stable at ≥ 5% modification

CRX-601/PE-PEG5K liposome Stable at ≥ 1% modification Stable at ≥ 5% modification Stable at ≥ 1% modification

Pluronic modified liposomes

CRX-601 /L64 liposomes Aggregation Aggregation Aggregation

CRX-601/F68 liposomes Aggregation Aggregation Aggregation

CRX-601/F127 liposome Stable at ≥ 5% modification Aggregation Stable at ≥ 5% modification

a
The lowest modification tested was 1 mol%

e
Partial aggregation 0.2 – 0.6 mg/mL

b
MGC: Methylglycol chitosan

c
GC: Glycol chitosan

d
CO: Chitosan oligosaccharide lactate
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Table 4
Results of USP rabbit pyrogen test on adjuvant loaded unmodified, phospholipid-PEG 
and Pluronic modified liposomes

Formulation
Assay outcome NPa or Pb (Individual temperature change values for 
three rabbits)

Fold improvement 
over aqueous 
CRX-601c

Dose of 250 ng/kg Dose of 500 ng/kg

CRX-601/Unmodified liposome NP (0.0 °C, 0.0 °C, 0.0 °C) NP (0.0 °C, 0.3 °C, 0.0 °C) 500

Phospholipid-PEG modified liposomes

CRX-601/5 mol% PE-PEG2K liposome NP (0.0 °C, 0.1 °C, 0.0 °C) NP (0.0 °C, 0.0 °C, 0.2 °C) 500

CRX-601/25 mol% PE-PEG2K liposome NP (0.1 °C, 0.0 °C, 0.0 °C) NP (0.1 °C, 0.3 °C, 0.0 °C) 500

CRX-601/5 mol% PE-PEG5K liposome NP (0.3 °C, 0.2 °C, 0.0 °C) NP (0.0 °C, 0.0 °C, 0.4 °C) 500

CRX-601/25 mol% PE-PEG5K liposome NP (0.3 °C, 0.0 °C, 0.3 °C) NP (0.3 °C, 0.0 °C, 0.0 °C) 500

Pluronic modified liposomes

CRX-601 /15 mol% L64 liposomes P (0.3 °C, 0.6 °C, 0.7 °C) P (0.8 °C, 0.8 °C, 0.4 °C) 125d

CRX-601 /25 mol% L64 liposomes P (0.9 °C, 0.5 °C, 0.9 °C) P (0.5 °C, 0.6 °C, 0.9 °C) 125d

CRX-601/ 15 mol% F68 liposomes NP (0.0 °C, 0.0 °C, 0.4 °C) P (0.5 °C, 0.4 °C, 0.8 °C) 250

CRX-601 /25 mol% F68 liposomes NP (0.0 °C, 0.1 °C, 0.0 °C) P (0.3 °C, 0.7 °C, 0.4 °C) 250

CRX-601/15 mol% F127 liposome NP (0.2 °C, 0.0 °C, 0.1 °C) NP (0.0 °C, 0.3 °C, 0.0 °C) 500

CRX-601/25 mol% F127 liposomes NP (0.4 °C, 0.2 °C, 0.4 °C) P (0.3 °C, 0.3 °C, 0.5 °C) 250

a
NP: Non-pyrogenic response

b
P: Pyrogenic response. The test is considered NP if none of the rabbits shows an individual temperature rise of 0.5 °C or more above its respective 

control temperature at any point.

c
Maximum non-pyrogenic dose of aqueous CRX-601 is 1 ng/kg.

d
The formulations were non-pyrogenic at 125 ng/Kg (individual temperature changes not shown).
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