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Abstract

Diarrheal infectious diseases represent a major cause of global morbidity and mortality. There is 

an urgent need for vaccines against diarrheal pathogens, especially parasites. Modern subunit 

vaccines rely on combining a highly purified antigen with an adjuvant to increase their efficacy. In 

the present study, we evaluated the ability of a nanoliposome adjuvant system to trigger a strong 

mucosal immune response to the Entamoeba histolytica Gal/GalNAc lectin LecA antigen. CBA/J 

mice were immunized with alum, emulsion or liposome based formulations containing synthetic 

TLR agonists. A liposome formulation containing TLR4 and TLR7/8 agonists was selected based 

on its ability to generate intestinal IgA, plasma IgG2a/IgG1, IFN-γ and IL-17A. Immunization 

with a mucosal prime followed by a parenteral boost generated a high mucosal IgA response that 

inhibited adherence of parasites to mammalian cells. Inclusion of the immune potentiator all-trans 

retinoic acid in the regimen further improved the mucosal IgA response. Immunization protected 

from infection with up to 55% efficacy. Our results show that a nanoliposome delivery system 

coupled to TLR agonists is a promising prospect for the development of vaccines against enteric 

pathogens, especially when a multifaceted immune response is desired.

Keywords

Liposome; Vaccine; Immune response; Amebiasis; Entamoeba

1. Introduction

Diarrheal diseases account for two million deaths worldwide per year and approximately 

750,000 of these are children under the age of five [1]. Repeated infections in the surviving 
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children often lead to lifelong health problems including gut dysfunction, weaker immune 

response to vaccines, stunting and impaired cognitive growth [2,3]. With regard to global 

public health issues, enteric diseases probably represent the first cause of infectious 

morbidity and second cause of infectious mortality worldwide.

Although effective licensed vaccines are available against a few enteric diseases such as 

cholera and rotavirus, a large number of such diseases remain without any vaccine. Vaccines 

that can generate an effective mucosal immune activation are beneficial since most 

pathogens enter the body via mucosal routes. In general, recombinant antigen based modern 

vaccines in order to be immunogenic require adjuvants such as aluminium salts, emulsions, 

liposomes and/or TLR agonists. However, it is important to choose the adjuvants rationally 

as different adjuvants can have substantially different outcomes for the same antigen [4]. 

Only a handful of adjuvants have been licensed for human use, e.g. MF59 (Novartis) which 

is a squalene oil-in-water emulsion and AS04 (GSK) that contains a naturally derived TLR4 

agonist adsorbed to an aluminium salt. Recently, interest in liposome based adjuvant systems 

has markedly increased due to advantages such as an improved presentation to 

immunocompetent cells and versatility to formulate both hydrophobic as well as hydrophilic 

molecules [5–7].

The toll like receptor (TLR) proteins are a well characterized family of host receptors that 

upon ligand binding can trigger an appropriate immune reaction in response to pathogen-

associate molecular patterns (PAMPs). Different TLRs serve as receptors for diverse ligands, 

for example TLR4 is activated by lipopolysaccharide; TLR7/8 responds to single stranded 

RNA and TLR9 detects CpG motifs in DNA. Several well-defined TLR ligands are being 

developed to serve as adjuvant components. Multiple TLRs can be synergistically triggered 

for an enhanced immune response and recent studies have successfully used such an 

approach [6,8].

Entamoeba histolytica, the etiologic agent of amebiasis, is an enteric protozoan human 

pathogen. Amebiasis is responsible for approximately 100,000 deaths per year mostly in the 

low-income countries around the world. The disease presentation ranges from a mild 

diarrhea to severe dysentery and in rare cases liver abscess. The Global Enteric Multicenter 

Study (GEMS) highlighted E. histolytica as an important pathogen and cause of diarrhea 

among the pediatric population [9]. E. histolytica associated diarrheal illness was negatively 

associated with the growth of preschool children; such children were at nearly five times 

greater risk for stunting [10]. Several studies have been carried out in recent years to develop 

an effective amebiasis vaccine, mostly using E. histolytica Gal/GalNAc-lectin derived 

antigens [11,12]. The Gal/GalNAc-lectin has been shown to be essential for contact 

dependent host cell killing and remains the most characterized virulence factor. LecA is a 

577aa region of the lectin and contains all the virulence neutralizing antibody epitopes of the 

native lectin. A cGMP scalable purification process has also been developed that yields 

highly pure, stable, non-tagged recombinant protein with acceptably low endotoxin levels 

[13]. The high purity of subunit vaccines often renders them poorly immunogenic requiring 

effective adjuvants [14,15].
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Resistance to recurrent amebiasis in children has been correlated with the production of 

IFN-γ by peripheral blood mononuclear cells (PBMCs) upon re-stimulation in vitro, as well 

as high titers of anti-lectin stool IgA [16,17]. An optimal Th1 response has been shown to be 

important for the protection against Entamoeba histolytica challenge in the mouse model of 

intestinal amebiasis [18]. Vaccinated mice also showed a robust IgA response when either 

whole amebic lectin or recombinant LecA was used for immunization in combination with a 

strong mucosal adjuvant [18,19]. Our goal was to generate an anti-parasite immune response 

that included mucosal IgA as well as Th1 cytokine production. We used various 

pharmaceutically acceptable formulations of TLR agonists, singly or in combination and 

evaluated their potential to generate antigen specific immune responses. In vitro experiments 

were used to characterize the magnitude of splenic cytokine response as well as the 

protective capacity of the gut IgA. In vivo experiments were carried out using a mouse 

model of intestinal amebiasis to assess the protection efficacy of the novel nanoliposome 

adjuvant.

2. Materials and methods

2.1. Adjuvants

All adjuvants were prepared at the Infectious Disease Research Institute (IDRI, Seattle, WA) 

and provided as 2× or 5× concentrated formulations for mixing with the antigen immediately 

prior to injection. Squalene-in-water emulsions were prepared by microfluidization (M110P, 

Microfluidics Corp) at 30,000 psi essentially as described earlier [20]. Alum-adsorbed 

formulations were prepared by mixing an aqueous phospholipid-based suspension of GLA 

or an aqueous solution of CpG 1826 to Alhydrogel® (Brenntag Biosector) as previously 

indicated [21]. Liposome formulations based on dipalmitoyl phosphatidylcholine (DPPC), 

PEGylated dipalmitoyl phosphatidylethanolamine (DPPE-PEG750) and cholesterol at a 

18:3:5.5 weight ratio, respectively, were prepared using the thin film technique followed by 

hydration and water bath sonication and/or microfluidization (M110P) similar to previous 

descriptions [22]. Emulsion and liposome particle sizes were measured by dynamic light 

scattering after 1:100 dilution in water. The TLR 7/8 agonist 3M-052 was provided by 3M. 

Its structure and adjuvant properties have been described previously [23].

2.2. LecA antigen

Details of expression, purification and characterization of recombinant, non-tagged LecA 

protein have been described previously [13].

2.3. Immunizations

All mouse studies were IACUC approved. Four to six week old CBA/J male mice (Jackson 

Labs.) were used for all the experiments and 5 μg antigen was used per immunization per 

mouse. For subcutaneous immunization in the neck region, LecA was mixed with the 

respective adjuvant formulation (Table 1) and volume brought up to 100 μl with saline for 

injection. Intranasal immunizations were carried out under anesthesia and typically 10 μl of 

antigen-adjuvant mixture was used per nostril. A two week interval was maintained between 

successive immunizations for all the regimens. For the immunogenicity experiments (IgG 

and cytokines), mice were immunized with three consecutive subcutaneous injections. For 
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the challenge experiments, mice were primed with an intranasal dose followed by a 

subcutaneous and an intranasal prime dose. For experiments involving weekly dosing of all-

trans retinoic acid (RA), each mouse received 150 μg RA (Sigma-Aldrich) dissolved in a 50 

μl final volume of DMSO intraperitoneally. RA stock was stored at −80 °C and protected 

from light. All adjuvants were stored at 4 °C and formulations prepared aseptically just 

before immunization.

2.4. Measurement of immunogenicity

All antibody titers were measured by ELISA using 96-well plates coated with 0.5 μg LecA 

per well. Plasma samples were diluted appropriately (see figure legend) and antigen specific 

IgG subtypes were measured using 1:10,000 diluted horseradish peroxidase conjugated goat 

anti-mouse IgG1 and IgG2a detection antibodies (Southern Biotechnology). Stool 

supernatants were prepared as described [18]. Appropriately diluted stool supernatants were 

used for ELISA (see figure legend); horseradish peroxidase conjugated goat anti-mouse IgA 

at 1:5000 dilution was used as a secondary antibody (Southern Biotechnology). Antibody 

units were determined using standard curves.

For the measurement of extracellular cytokines, splenocytes from five mice in each group 

were re-stimulated with 50 μg/ml LecA in RPMI complete medium for 72 h and 

supernatants analyzed by a multiplex suspension array system using Luminex beads (Bio-

Rad) [18]. Samples were run undiluted as per manufacturer's instructions and measured in 

picograms per milliliter of supernatant.

2.5. Culture conditions and challenge experiments

Trophozoites originally derived from HM1: IMSS (ATCC) and passed sequentially through 

mice to maintain animal virulence were used for the challenge experiments. Trophozoites 

were maintained in a trypsin-yeast extract-iron (TYI-S-33) medium supplemented with 2% 

Diamond vitamins, 13% heat inactivated bovine serum (Gemini Labs) and 100 U/ml 

penicillin plus 100 μg/ml streptomycin (Invitrogen) [24]. Mice from immunized and control 

groups were challenged intracecally four weeks after the final boost with two million 

trophozoites in 150 μl medium following laparotomy [19]. Mice were euthanized a week 

after the challenge. Cecal contents were suspended in 1 ml PBS, and 300 μl of was cultured 

in TYI-S-33 broth for up to five days, with 200 μl used for antigen load ELISA. Vaccine 

efficacy was calculated as 100 × 1 – (% of vaccinated mice with infection)/(% of sham mice 

with infection) [18,25].

2.6. Fecal antigen detection

Fecal antigen in the cecal contents was detected using the E. his II ELISA kit (TechLab Inc., 

Blacksburg, VA). An optical density at 450 nm of ≥0.05 above the negative control was 

considered positive. A standard curve was generated using purified LecA.

2.7. Adherence assay

Chinese hamster ovary (CHO) cells were grown in α-MEM medium, and E. histolytica 
trophozoites were grown as described above. E. histolytica trophozoites were pre-incubated 

with a tenfold dilution of fecal supernatants from control or immunized groups on ice for 1 
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h. Trophozoites and CHO cells were then mixed at a 1:20 ratio and incubation continued for 

90 min on ice in round bottom polystyrene tubes. Just prior to microscopic counting, the 

tubes were briefly vortexed and cells counted on a hemocytometer. Adherence was measured 

as the number of trophozoites having at least 3 adherent CHO cells and reported as% rosette 

formation. Each sample was run in triplicate and a minimum of 100 amebae were counted 

[13,26].

2.8. Statistical analysis

All analyses were performed using Graph Pad Prism software. Proportions of infected and 

uninfected mice from challenge trials were analyzed using Fisher's exact test. Antigen loads, 

antibody titers, cytokine levels and adherence inhibition differences were analyzed using the 

Mann-Whitney test. P < 0.05 was considered statistically significant.

3. Results

3.1. Evaluation of immunogenicity and selection of a liposome formulation

We used the well-characterized E. histolytica recombinant adhesin LecA as an immunogen. 

Adjuvants containing synthetic TLR agonists were prepared using emulsion, liposome or 

alum (Table 1) and their ability to generate an antigen specific humoral response was 

evaluated. Each of these adjuvants were comprised of pharmaceutically acceptable 

components and would be suitable for clinical studies; indeed some of the formulations have 

already been manufactured in IDRI's cGMP facility and are in clinical evaluation with 

various vaccine antigens. The emulsion containing GLA and CpG 1826 (also known as 

EM014) demonstrated promising protective efficacy with LecA in previously published 

work [13,18]. The emulsion and liposome formulations demonstrated an average particle 

size of 65–130 nm depending on composition and processing method, whereas the Alum-

containing formulations contained microparticles (data not shown). Eight formulations were 

prepared by mixing the adjuvants with LecA protein and mice were immunized 

subcutaneously as described. Titers of plasma IgG subclasses were determined by ELISA. 

The liposome formulation containing a mixture of GLA (a TLR-4 agonist) and 3M-052 (a 

TLR-7/8 agonist) was selected for further studies based on the plasma antibody titer biased 

away from a Th2 response as indicated by a higher IgG2a/IgG1 ratio (Table 1) as well as the 

magnitude of IgG2a titer (Fig. 1).

Next, we tested this adjuvant's ability to elicit an antigen specific cytokine response 

indicative of a cell mediated immune response [27,28]. Splenocytes from the experimental 

and control mice were re-stimulated with LecA in vitro and culture supernatants analyzed by 

Luminex assay. GLA-3M-052 liposome adjuvanted LecA elicited strong IFN-γ and IL-17 

responses, which are well established markers of protection in the mouse model (Fig. 2) 

[18,29]. We also tested the compatibility of all-trans retinoic acid (RA) as a co-adjuvant 

[30,31]. Mice in the respective groups received a weekly injection of RA. The RA assisted 

regimen further increased the levels of IFN- γ and IL-17 (Fig. 2). Both (adjuvant + LecA) 

and (adjuvant + LecA + RA) groups generated an equivalent IL-2 response; whereas the RA 

assisted regimen resulted in a slightly higher IL-4 response.
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3.2. Mucosal IgA response and its adherence inhibitory potential

Since a liposome-based vaccine is also suitable for mucosal immunization, a mixed 

mucosal/parenteral immunization regimen was used for the subsequent experiments to test 

its ability to generate an antigen specific gut IgA response. Mice were primed with an 

intranasal immunization, followed by a subcutaneous and an intranasal boost. Mice in the 

RA assisted groups received a weekly injection of RA. As shown in Fig. 3A, adjuvanted 

LecA generated a robust mucosal IgA response that was antigen specific (p < 0.001). 

Inclusion of RA increased the IgA titer substantially (p < 0.0001). Adherence of E. 
histolytica trophozoites to the target cells is the initial and crucial step in the onset of 

infection. To assess if the mucosal IgA was neutralizing, we tested its ability to block 

adherence of parasites to the CHO cells in vitro. Preincubation of trophozoites with fecal 

supernatants from the immunized mice significantly reduced their adherence potential (Fig. 

3B). Thus, adjuvanted LecA elicited a high titer gut IgA response that was protective in vitro 
regardless of use of RA as a co-adjuvant.

3.3. Nanoliposome formulation containing synergistic TLR agonists protected against 
intestinal parasitic challenge

Finally, we tested the potential of the GLA-3M-052 liposome adjuvant to protect against E. 
histolytica challenge using the mouse model of intestinal amebiasis. Mice from the control 

and experimentally immunized groups were challenged intracecally with a virulent strain of 

E. histolytica and ceca harvested a week after the challenge to assess the antigen load (Fig. 

4A) as well as presence of live parasites (Fig. 4B). Adjuvanted LecA significantly reduced 

the antigen load compared to control mice and this reduction was even more pronounced 

with the use of RA as a co-adjuvant. Mice immunized with the GLA/3M-052/liposome-

adjuvanted LecA showed a moderate 34% protective efficacy (p = 0.02) that was increased 

to 55% with the inclusion of RA (p = 0.01) (Fig. 4B). We concluded that the novel 

nanoliposome formulation containing a mixture of synthetic synergistic TLR agonists with 

or without RA had the potential to generate an antigen specific protective response.

4. Discussion

The most important outcome of this study was the identification of a nanoliposome adjuvant 

formulation containing synthetic TLR agonists that was capable of eliciting a systemic as 

well as mucosal immune response. We compared immunogenicity of alum, emulsion and 

liposome based formulations containing various TLR agonists and using Entamoeba 
histolytica recombinant LecA as a test antigen. The liposome based adjuvant system 

containing TLR4 (GLA) and TLR7/8 (3M-052) agonists generated a balanced humoral and 

a strong cytokine response skewed towards a Th1 phenotype. GLA is a synthetic TLR4 

ligand that is formulated in lipid-based platforms employed in various Phase 1 and 2 clinical 

trials [32]. 3M-052 is a synthetic TLR7/8 ligand in advanced preclinical development 

[23,33,34]. A liposomal formulation of GLA and 3M-052 was suitable for a mixed mucosal/

parenteral immunization regimen and elicited an excellent mucosal IgA response as well. 

Immunized mice challenged with E. histolytica showed a substantial reduction in the antigen 

load. Finally, the GLA 3M-052 nanoliposome formulation was compatible with the use of 
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all-trans retinoic acid as a co-adjuvant and inclusion of RA resulted in a significant increase 

in mucosal IgA levels as well as a moderate improvement in the protective efficacy.

Alum and emulsion based adjuvants have been known to generate strong humoral responses 

but are less potent enhancers of Th1 immune responses [35]. Our initial screening for an 

optimal adjuvant was based on the nature of the humoral response (Th1/Th2). Interestingly, 

the alum and emulsion based adjuvants tested generated a somewhat Th2 biased response as 

seen from a predominance of IgG1 titers. In contrast, the combination of GLA and 3M-052 

in liposomes generated a balanced high-titer IgG response. IFN-γ and IL-17 have been 

shown to be important mediators of protection in immunized mice [18,29]. In human 

studies, a direct correlation was shown between higher production of parasite specific IFN- 

γ production by PBMCs and protection from re-infection [17]. The experimental vaccine 

elicited robust IFN-γ, IL-17 and IL-2 responses as seen from re-stimulation of splenocytes 

from the immunized mice. A modest increase in the Th2 cytokine IL-4 was also observed 

similar to the previous studies that did not compromise the protective efficacy [18]. IL-4 

played a pathogenic role in the persistence of E. histolytica infection through the 

suppression of protective IFN-γ [36]. At present we do not know the exact source or trigger 

for IL-4 production or its effects on the vaccine elicited immune response especially in the 

RA assisted group. Use of cholera toxin as an adjuvant has similarly induced Th1, Th2 as 

well as Th17 responses [37].

Two independent groups have reported the use of all-trans retinoic acid as an adjuvant to 

elicit protective mucosal and cellular responses [30,31]. Six RA injections were 

administered over a span of 14 days in one study while the second study administered two 

doses of RA flanking the immunization. We tested compatibility of RA with GLA-3M-052 

liposome adjuvant and mice in the respective groups received a weekly RA injection. RA 

enhanced the production of IFN-γ and IL-17 stimulated by the adjuvanted LecA and acted 

as an effective co-adjuvant. RA-RAR α signaling was previously shown to elicit 

proinflammatory CD4+ helper T cell responses to infection as well as mucosal vaccination 

[38].

Taking advantage of the flexibility offered by liposome adjuvant with respect to the route of 

immunization, we tested its potential to generate a mucosal IgA response through a 

heterologous prime-boost regimen. Such an approach has been reported to generate as strong 

or stronger local and systemic immune response compared to that resulting from 

homologous mucosal or parenteral vaccination alone [39,40]. Mucosal immunization has 

been shown to elicit both local and systemic humoral as well as cellular responses in animal 

models and in humans [41]. Intranasal priming in particular has been shown to influence 

stronger Th1 polarization along with a higher local IgA response [42]. Similarly, mice 

receiving either an intranasal prime or boost were shown to also produce higher levels of 

IL-17A [42]. We saw a robust antigen specific gut IgA response, which can be a major 

advantage in the context of vaccines against enteric pathogens. An RA assisted regimen 

showed a further increase in the IgA titer as expected, since RA is known to be important in 

the generation and enhancement of IgA secreting B cells [30,43]. There was no difference in 

the adherence inhibitory potential between stool suspensions from groups with or without 

RA. This was not totally surprising due to a lack of correlation between IgA titer and 
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protection in the mouse model [18]. Anti-lectin IgA response, however, was shown to be 

associated with protection from E. histolytica colonization in children [16]. A correlation 

has also been shown between IgA production and clearance of parasites in baboons [44]. In 

short, GLA-3M-052 liposome generated a robust anti-amebic mucosal IgA response that 

was protective in vitro. Use of RA further increased the IgA response.

In the cecal challenge trial, immunized mice showed an excellent reduction in antigen load 

and use of RA helped reduce it even further. Experiments are underway to improve the 

moderate vaccine efficacy shown by (adjuvant + LecA) group. This may be achieved by 

using different approaches, such as changing the route of immunization, altering the 

chemistry of formulation or optimizing the agonist concentrations [6,35]. An emulsion 

containing GLA and CpG 1826 (EM014) previously showed 50% protective efficacy when a 

subcutaneous regimen was used [13]. The present formulation showed 34% efficacy with the 

potential advantage that liposomes are generally considered to be less reactogenic than oil-

in-water emulsions [45]. The RA assisted regimen showed an enhancement in the protective 

efficacy, although we do not know the exact mechanism at present including any degree of 

non-specific protection. One possible mechanism could be an improved CD4+ and CD8+ T 

cell response in the gut via upregulation of gut homing receptors on these cells 

[30,31,46,47]. Retinoic acid's compatibility with the synthetic TLR agonists used offers a 

way to modulate antigen specific immune response [38,48].

In conclusion, we have shown that the nanoliposome adjuvant containing synergistic TLR 

agonists successfully elicited a balanced systemic humoral and cellular immune response, as 

well as a robust mucosal IgA response. It also supported production of IFN-γ and IL-17, 

two well-established protective cytokines in the mouse model of amebiasis. Important 

considerations in the development of a successful vaccine include availability of not only 

highly purified antigen but a potent adjuvant formulation that can be tested in clinical 

settings after completion of the pre-clinical studies [13]. We hope to improve the efficacy 

through the approaches mentioned. Future experiments will be designed to generate a potent 

Th1 cellular and mucosal response in addition to an enhanced local IgA response. Only one 

class of drugs is available to treat invasive amebiasis, and should resistance develop, 

vaccination would be a most effective and economical strategy, especially in the low income 

countries which account for more than 90% of enteric infections. We hope that this 

exploratory study will provide a basis for the development of prophylactic vaccines against 

such pathogens.
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Fig. 1. 
Comparison of plasma IgG titers. Five mice per group were immunized three times 

subcutaneously at a 2-week interval with LecA antigen mixed with the corresponding 

adjuvant. Plasma samples collected a week after the final immunization were diluted 

256,000-fold and analyzed for LecA specific IgG1 (black) and IgG2a (red) levels by ELISA. 

GLA-alum without LecA served as a control group. *IgG2a level elicited by these adjuvants 

were comparable and statistically significant (p < 0.05) in comparison with all other groups. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 2. 
LecA specific cytokine response. Mice were immunized subcutaneously at a two week 

interval as described. Splenocytes were isolated a week after third immunization and re-

stimulated with LecA for 72 h. Production of extracellular IFN- γ, IL-17A, IL-2 and IL-4 

were detected in the culture supernatants by Luminex. Black and orange circles denote 

cytokine levels upon re-stimulation either with medium alone or LecA respectively. * = p < 

0.01; n.s. = not significant; RA = all-trans retinoic acid. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 
Prechallenge stool IgA response and adherence inhibitory potential. Mice were immunized 

with GLA 3M-052 liposome adjuvanted LecA using a mixed intranasal (weeks 0 and 4) and 

subcutaneous (week 2) regimen. Mice in the indicated groups received a weekly 

intraperitoneal injection of 150 μg RA. Stool samples were collected three weeks post third 

immunization. (A) Fecal supernatants were diluted 120-fold and prechallenge anti-LecA IgA 

titer was determined by ELISA; (B) potential of fecal IgA to inhibit adherence of 

trophozoites to mammalian cells was determined in vitro using adherence inhibition assay as 

described. * = p < 0.01; ** = p < 0.001; *** = p < 0.0001.

Abhyankar et al. Page 14

Vaccine. Author manuscript; available in PMC 2017 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Vaccine mediated protection in a mouse model of intestinal amebiasis. Mice immunized 

using a mixed regimen as described were challenged intracecally with E. histolytica four 

weeks post-final immunization. Mice were euthanized a week after the challenge and cecal 

contents analyzed for (A) antigen load using ELISA and (B) live ameba by culture as a 

measure of sterile immunity. Number of infected mice from the total challenged are 

indicated above each column. The efficacies for (adjuvant + LecA) and (adjuvant + LecA + 

RA) groups were calculated with regard to the corresponding control groups as described. 

Data from two independent but identical trials was pooled. * = p < 0.05.
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Table 1

List of adjuvants used in the study. The amounts of active compounds and the IgG2a/IgG1 ratios obtained 

from the immunogenicity experiment (Fig. 1) are also indicated.

Adjuvant Agonists Formulation IgG2a/IgG1 ratio

GLA CpG emulsion TLR-4 (20 mg GLA), TLR-9 (25 mg CpG) Oil-in-water emulsion (2% v/v squalene) 0.44

3M-052 Liposome TLR-7/8 (2 mg 3M-052) Liposome (4 mg/ml or 11 mg/ml phospholipid) 0.22

3M-052 emulsion TLR-7/8 (2 mg 3M-052) Oil-in-water emulsion (2% v/v squalene) 0.56

GLA 3M-052 Liposome TLR-4(5 mg GLA), TLR-7/8 (2 mg 
3M-052) Liposome (4 mg/ml or 11 mg/ml phospholipid) 0.86

GLA 3M-052 Emulsion TLR-4(5 mg GLA), TLR-7/8 (2 mg 
3M-052) Oil-in-water emulsion (2% v/v squalene) 0.53

GLA Alum Low dose TLR-4 (5 μg GLA) Alum (0.2 mg/ml Al+3) 0.06

GLA Alum High dose TLR-4 (20 μg GLA) Alum (0.2 mg/ml Al+3) 0.02

CpG Alum TLR-9 (25 mg CpG) Alum (0.2 mg/ml Al+3) 0.18
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