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A B S T R A C T

Effective vaccine formulations consist of several components: an antigen carrier, the antigen, a stimulator of
cellular immunity such as a Toll-like Receptors (TLRs) ligand, and a stimulator of humoral response such as an
inflammasome activator. Here, we investigated the immunostimulatory and adjuvant properties of lipopolya-
mines, cationic lipids used as gene carriers. We identified new lipopolyamines able to activate both TLR2 and
TLR4 and showed that lipopolyamines interact with TLRs via a mechanism different from the one used by
bacterial ligands, activating a strong type-I IFN response, pro-inflammatory cytokines and IL-1β secretion. The
TLR and inflammasome stimulations, together with the antigen carrier properties of lipopolyamines, resulted in
both humoral and cellular immunity in mice vaccinated against OVA and make lipopolyamines promising one-
component vaccine adjuvants.

1. Introduction

Vaccine made of proteins or genes that mimic or produce the active
unit of pathogens (antigen) are commonly used and are well tolerated
but usually require additional components called adjuvants to fully
activate the immune system. The adjuvant formulations include several
components in order to both promote antigen transport and uptake
from antigen presenting cells (APCs) and activate the innate immune
response. The quality and quantity of adaptive immune responses in-
duced by adjuvants can be controlled by the type of activated pathways
[1, 2].

Depending on the cytokines secreted by APCs, and on the co-sti-
mulatory molecules and the type of Major Histocompatibility Complex
(MHC) recruited, naïve T cells differentiate into type 1 (Th1), type 2
(Th2) Helper or cytotoxic (CTL) T cells [3, 4].

Th1 differentiation is induced by Type-I Interferon (IFN) cytokines
[5, 6], while Th2 one by NOD-like receptor Pyrin domain containing 3

(NLRP3) inflammasome activation among others [7, 8]. In turn, the
generated Th cells support the immune response by secretion of specific
cytokines that activate neighboring cells to perform specific functions
or chemokines that recruit new immune cell subsets to sites of pathogen
encounter. Th2 differentiation induces a humoral immune response (B-
cell activation and antibodies production) through secretion of IL-4 and
IL-5 among others, while Th1 activate memory cells and macrophages
contributing together with CTL to the cell-mediated immunity through
secretion of IFN-γ, tumor necrosis factor (TNF)-α and Interleukin (IL)-2
[9–11].

Aluminum hydroxide, also called Alum, is the most common ad-
juvant used in human vaccines. It promotes antigen transport and up-
take and induces the production of IL-1β generating a T helper 2 (Th2)
humoral response [2, 12].

In order to induce also the Th1 cell-mediated immunity, which is
more effective to induce an antiviral and antibacterial immunization,
Alum is combined with weak Toll-like receptor-4 (TLR4) agonists, such
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as monophosphoryl lipid A (MPLA) as an immunostimulant [2, 13].
TLR4 is one of the 11 TLRs, transmembrane proteins that recognize

pathogen-associated molecular patterns (PAMPs). The recognition in-
duces TLR dimerization and, in the intracellular domain, recruitment of
molecular adaptors, TIR-domain-containing adapter-inducing inter-
feron-β (TRIF) or myeloid differentiation primary response 88 (MyD88)
[14].

The secretion of pro-inflammatory cytokines such as TNF-α and IL-6
depends mainly on MyD88-driven nuclear factor kappa B (NF-κB) ac-
tivation, is common to all TLRs and may originate from endosome or
plasma membrane. By contrast, the type-I IFN response originates ex-
clusively from the endosome and depends on interferon regulatory
factor (IRF) activation. IRF activation can be TRIF or MyD88-driven
depending on the TLR [15] and leads to cytokine secretion such as IFN-
γ and IP-10, among others, more typical of viruses but also observed for
some TLR4 and TLR2 bacterial ligands. [14, 16–19]. Finally, the TRIF-
endosomal pathway may also induce NF-κB activation and pro-in-
flammatory cytokine secretion but with a slower mechanism [20]. It is
generally considered that the TRIF-dependent Type-I IFN response ra-
ther than the MyD88-dependent pathway is needed for TLR4-induced
adjuvant effect [21, 22].

Some vaccine formulations use cationic lipids to enter the en-
dosomal pathway and increase the adjuvanticity of both antigen and
immunostimulants through their presentation to endosomal TLRs in
APCs [1, 23]. The use of multiple components in vaccine formulation
increases cost and time of vaccine development because, according to
the European and American guidelines, each adjuvant must be tested
for stability, safety and mechanism alone, in combination with antigen
and with other adjuvants and also the efficiency and kinetics of ad-
sorption of all components must be described [24, 25]. Therefore,
combining all the adjuvant effects into a single molecule implies minor
cost and less systemic adverse effects.

The recently highlighted TLR and inflammasome-dependent pro-
inflammatory properties of the cationic lipid diC14-amidine [26, 27],
have suggested that cationic lipids may simultaneously transport the
antigen and activate both humoral and cellular immunity and therefore,
be used as one-component vaccine adjuvants [23, 28]. Importantly,
cationic lipids are safer because less immunostimulatory than MPLA
and, because of their synthetic origin, lack contamination risk. How-
ever, diC14-amidine alone has shown promising adjuvanticity proper-
ties in a vaccine against dust mite allergy (IgE antibodies) but failed in
inducing IgG antibodies production [29] and was an effective adjuvant
only when mixed with Alum [30] or coated with Mannan [31].

We have previously shown that cationic lipids lipopolyamines have
TLR2 and NLRP3-dependent pro-inflammatory properties [32, 33].
While such inflammatory properties are deleterious in gene therapy,
they can be exploited to develop new effective one-component vaccine
adjuvants.

In order to investigate this alternative use, here we studied the
immunostimulatory properties and ability to induce cellular and hu-
moral responses of several lipopolyamines used previously as gene
carriers [34–36] (Table 1).

2. Materials and methods

2.1. Reagents and cell lines

Human embryogenic kidney cells were purchased from the
American Type Culture Collection ([HEK293] (ATCC® CRL1573™
RRID:CVCL_0045); RAW 264.7 (ATCC® TIB-71™ RRID:CVCL_0493) and
human acute monocytic leukemia cell line (THP1 ECACC 88081201
RRID:CVCL_0006) were obtained from European Collection of
Authenticated Cell Cultures. RPMI 1640 (Roswell Park Memorial
Institute) and DMEM (Dulbecco's Modified Eagle's Medium) media, L-
glutamine, sodium pyruvate, penicillin and streptomycin were from
Lonza. Phorbol 12-myristate 13-acetate (PMA), FBS from North

America, ovalbumin and albumin-FITC were from Sigma Aldrich. Fetal
bovine serum (FBS) from South America was from Lonza. Aluminum
salts were from Serva Electrophoresis (Alu-Gel-S suspension, ref.
12,261). Ultrapure standard lipopolysaccharide (LPS) from E. coli
0111:B4, Pam3CSK4, and Pam2CSK4, human TLR2 and TLR4 neu-
tralizing antibodies (Cat. Code pab-hstlr2 RRID:AB_11124921, pab-
hstlr1 RRID:AB_11124904, pab-hstlr6 RRID:AB_11124897 and pab-
hstlr4 RRID:AB_11125132), RAW-Blue™ cells (RRID:CVCL_X594),
Zeocin™, ultrapure standard lipopolysaccharide (LPS) from E. coli
0111:B4, RS-LPS and Quanti-Blue™ were from InvivoGen.

2.2. Lipid nanoparticle preparation

Lipopolyamines were synthesized as described earlier [34] and
stored as powder at −20 °C. Lipid films were formed by dissolving
powder in chloroform, followed by solvent evaporation under nitrogen
stream and vacuum drying overnight, and kept at −20 °C. Liposomes
were freshly formed by suspending lipid films into filtered Hepes
10mM heated at 56 °C and sonicated for 5min (BioRuptor, Diagenode)
before each experiment.

2.3. Cell culture

HEK293 and RAW cells were maintained in DMEM supplemented
with 10% heat-inactivated FBS from North America, 2 mM L-glutamine,
1 mM sodium pyruvate, 50 U/ml penicillin, 50 μg/ml streptomycin.
THP-1 cells were cultured in RPMI 1640 supplemented with 10% heat-
inactivated FBS from South America, 2 mM L-glutamine, 1 mM sodium
pyruvate, 50 U/ml penicillin, 50 μg/ml streptomycin. Raw-Blue cells
were cultured in DMEM supplemented with 10% heat-inactivated FBS
from South America, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/
ml penicillin, 50 μg/ml streptomycin and 200 μg/ml Zeocin. All cells
were incubated at 37 °C in a 5% CO2 atmosphere.

All cell lines were tested for mycoplasma contamination on a reg-
ular basis. To avoid divergence from the parent line, cell cultures were
passaged up to 10 times.

2.4. HEK293 cell transfection and stimulation

Cells were seeded at 4×104 cells/ml in 96-well plates (200 μl/
well) and transiently transfected 4 days later. Expression vectors con-
taining an NF-κB transcription reporter vector encoding firefly luci-
ferase (10 ng/well pNF-κB-luc from Clontech), and a constitutively ac-
tive reporter vector encoding Renilla luciferase (5 ng/well phRG-TK;
Promega), together with empty vector (pcDNA3.1 from Invitrogen Cat.
N. V79020) and cDNA encoding human membrane CD14 (3 ng/well)
and human TLR2 (0.5 ng/well) or human TLR4/MD2 (3 ng/well)
(kindly provided by Prof. Clare Bryant, University of Cambridge) were
mixed with jetPEI (Polyplus transfection Cat.N. 101-10 N) and in-
cubated with cells according to manufacturer's instructions. After 48 h,
the medium was replaced with serum-free medium and cells were in-
cubated for 1 h, additionally washed with serum-free medium, then
directly incubated for 6 h with lipopolyamines (in serum-free medium)
or PAMPs (in complete medium). Cells were washed with PBS and then
lysed with passive lysis buffer (Promega). Luciferase and Renilla ac-
tivity on cell lysates were quantified on a BioTek Synergy HT micro-
plate reader using home-made luciferase reagent with luciferin
(Biosynth) or coelenterazine (Biosynth) as previously described [33].
Firefly and Renilla luciferase activity on cell lysates were normalized
and data were expressed as fold induction as compared to unstimulated
conditions.

2.5. RAW- Blue™ cell experiments

RAW-Blue cells were seeded the day before the experiment at
5× 105 cells/ml in 48-well plates (500 μl/ well). The day of
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stimulation, cells were washed twice in serum-free medium and in-
cubated 1 h in serum-free medium, then with lipopolyamines (in serum-
free medium) or PAMPs (in complete medium) for 22 h. Cell culture
supernatants were collected and assayed for murine TNF-α, IL-6 and IL-
1β using DuoSet ELISA kits from R&D Systems, according to manu-
facturer's instructions. NF-κB activation was therefore evaluated by
measuring the NF-κB-dependent alkaline phosphatase (SEAP) secreted
by RAW-Blue cells in the collected supernatants by using the Quanti
Blue™ reagent (InvivoGen), according to manufacturer's instructions
and a BioTek Synergy HT Microplate Readers.

2.6. THP-1 cell stimulation

THP-1 cells were primed by suspending them in fresh medium
containing 50 nM PMA and seeding them at 3.5×106 cells/ml in 96-
well plates (200 μl/well) two days prior to stimulation. After 24 h of
incubation with PMA, the medium was replaced with fresh one, and
cells were incubated overnight to further allow cell differentiation.

The day of stimulation, cells were washed twice in serum-free
medium and incubated 1 h in serum-free medium. Where specified cells
were incubated for 1 h in the presence of antibodies blocking human
TLR2 or TLR4, at final concentrations of 30 μg/ml in serum-free
medium, as appropriate, prior to 5 h stimulation with lipopolyamines
(in serum-free medium) or PAMPs (in complete medium).

After stimulation, cell culture supernatants were collected and as-
sayed for human TNF-α, using DuoSet ELISA kits from R&D Systems,
according to manufacturer's instructions and a BioTek Synergy HT
Microplate Readers.

2.7. Antigen uptake

RAW cells were seeded in 24-well plates at 4×105 cells/well the
day prior to uptake assay. The cells were then incubated in complete
medium with albumin-FITC (1 μg) alone or in complex with 209,204 or
128,506 (4 nmol) or Alu-Gel-S (26 μg) in 10 μl saline buffer. After 24 h
of incubation, the cells were washed three times in PBS and fixed with
PFA (4% in PBS) for 20min. After additional washing, nuclei were
stained with DAPI (4′,6-diamidino-2-phenylindole, 300 nM in PBS) for
30min. Cells were then analyzed with a Zeiss AxioVert microscope.

2.8. Analysis of antigen-lipopolyamine complexes formation by gel
retardation

Ovalbumin-lipopolyamines complexes were prepared with 20 nmol
of lipids 209,204 or 128,506 mixed with ovalbumin (5 μg) in saline
solution. For non-denaturing conditions, samples were diluted two
times with 2× native loading buffer (glycerol 20%) before loading on
4–20% acrylamide gel and electrophoresed in Tris 25mM, Glycine
192mM at 125 V for 2 h at 4 °C. For denaturing conditions, the same
samples were diluted two times with 2× denaturing loading buffer
(glycerol 20%, SDS 10%), heated at 95 °C for 5min and loaded on
4–20% acrylamide gel and electrophoresed in Tris 25mM, Glycine
192mM, SDS 0.1% at 125 V for 2 h. Gels were then placed in ethanol
50%, acetic acid 10% for 30min (fixation), then in Coomassie Blue
0.05%, and acetic acid 10% for 1 h (coloration) and finally three times
in acetic acid 10% for 15min followed by overnight incubation (dis-
coloration).

Table 1
List of lipids used in this study and summary of their TLR activity. These are lipopolyamines varying in the length of their double hydrophobic chain and the type and
size of their polar head. The ability of each lipid to induce NF-κB via TLR2 and/or TLR4 was measured on HEK293 cells transfected with plasmids encoding a human
TLR2 and CD14 or b human TLR4, MD2 and CD14 together with luciferase reporter plasmid dependent on NF-κB activation and compared to control cells. As shown
in the table, the data come either from previous work already published or from Fig. 1B. − indicates no detectable or significant induction of that specific TLR, +
corresponds to a fold induction between 2 and 10 as compared to non-stimulated control.
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2.9. Vaccination titration of antibodies against OVA in serum

Swiss female mice (5 week-old) were obtained from Janvier (Le
Genest-Saint-Isle, France) and maintained according to the re-
commendations prescribed under European Parliament and Council
Directive 2010/63/EU. They were housed in standard conditions of
temperature (22 °C) and lightning (12 h/12 h light/dark cycle) with free
access to water and food and entered experiments after a 7-day adap-
tation period. This immunization protocol was approved by the local
ethics committee (registration number: APAFIS N°
2,016,060,916,594,433-V3).

Female 6 week-old Swiss mice were injected intraperitoneally at day
0 and day 14 with 25 μg of ovalbumin in saline solution, alone or mixed
with 0.65mg of Alum, or 10 nmol or 100 nmol of lipopolyamines
209,204 or 128,506. Blood was collected after further 10 days (Day 24)
by retro-orbital puncture and stored at −20 °C before being assayed as
previously described [37].

Microtiter plates were coated with ovalbumin (10 μg/ml in PBS)
overnight at room temperature and were blocked with PBS-0.1% Tween
20–2% bovine serum albumin (BSA) for 30min at room temperature.
The plates were washed three times with PBS-0.1% Tween 20–0.2%
BSA, and serial twofold dilutions of mouse serum samples in PBS-0.1%
Tween 20–1% BSA (starting at 1:100) were then added (100 μl/well).
The plates were then incubated for 2 h at 37 °C and washed three times.
For total IgG titer determination, peroxidase-conjugated anti-mouse IgG
(1/2000) antibodies were used. For IgG1/IgG2a ratio determination,
biotin-conjugated anti-mouse IgG1 and IgG2a (LO-MG1–2 biotin and
LO-MG2a-9 biotin, respectively; Abcys) were used at 1:4000 and

1:2000 dilutions, respectively. The plates were washed three times, and
peroxidase-conjugated streptavidin (1/4000) was added and incubated
1 h at room temperature. The revelation was done with 3,3′,5,5′-
Tetramethylbenzidine (TMB) Liquid Substrate System for ELISA
(Sigma) and the reaction was stopped with 3M HCl (50 μl/well). The
plates were read with a microplate reader (490 nm).

Absorbance readings were plotted against the reciprocal of the di-
lution. The antibody titer of a serum was determined graphically and
calculated as the reciprocal of the dilution where the absorbance of the
serum was 0.3 units above that of the control serum.

2.10. Peritoneal cells: preparation, culture and cytokine secretion assay

Mice were injected intraperitoneally as described above either once
(1B1) or three times (3B1) at days 0, 14 and 30. The day after the last
injection, mice were euthanized and peritoneal cells were recovered as
described [38]. After washing with RPMI, cells were seeded in 24-well
plates at 1× 106 cells/well. After 2 h, medium was carefully removed
and replaced with fresh one. Cells were cultured overnight at 37 °C in
5% CO2 atmosphere. When indicated, cells were incubated for two days
with activators. Cell culture supernatants were collected and assayed
for mouse TNF-α and IL-5 using ELISA MAX Standard Set (BioLegend),
and mouse IP-10 using Mouse CXCL10/IP-10/CRG-2 DuoSet ELISA (R&
D) according to manufacturer's instructions.

2.11. Statistical analysis

Experimentation results were analyzed with the unpaired non-

Fig. 1. Lipids 209,204, 122,766 and 122,767 activate both TLR2 and TLR4 and induce NF-κB activation comparable to TLR2-activating lipopolyamines 206,252,
120,525, 120,535, 128,506 and PAMPs.
A) Raw-blue cells were incubated for 22 h with increasing concentrations of lipopolyamines, LPS (100 ng/ml) or Pam3CSK4 (Pam3, 30 ng/ml) then supernatants were
collected. NF-κB activation was measured by quantifying SEAP activity in collected supernatants (Quanti-blue test). B) HEK293 cells were transfected with human
TLR2 and CD14 (TLR2), human TLR4, MD2 and CD14 (TLR4), or empty pcDNA3.1 vector (w/o TLR) together with luciferase reporter plasmid dependent on NF-κB
activation and a constitutively active reporter vector encoding renilla luciferase. Two days after transfection, cells were incubated for 6 h with the indicated
concentrations of lipids 209,204, 122,766 or 22,767, or Pam2CSK4 (Pam2, 30 ng/ml) or LPS (100 ng/ml). Luciferase and renilla were quantified in the cell lysate,
normalized and reported here as fold induction as compared to control. Each bar represents the mean+ standard deviation of three replicated values (n=3). The
experiment is representative of at least 3 independent replicates.
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parametric Mann–Whitney test using two-tailed p-values. Results with
p < .05 were considered significant.

3. Results

3.1. The studied lipopolyamines have pro-inflammatory properties

We first incubated immortalized murine macrophages (Raw-blue
cells) with increasing amounts of lipid 209,204, 122,767, 122,766,
206,252, 120,525, 128,506, 120,535 or LPS or Pam3CSK4 as positive
controls. All lipopolyamines activated NF-κB (Fig. 1A) in a dose-de-
pendent manner with an induction factor ranging from 2 to 4 compared
to untreated cells. We previously showed that lipids 128,506, 120,535,
120,525 and 206,252 are activators of TLR2 ([32, 33] and Table 1). In
order to identify the receptor involved in the immunostimulatory
properties of lipids 122,766, 122,767 and 209,204, we investigated
their ability to activate NF-κB in HEK293 cells transfected with an
empty plasmid (w/o TLR) or encoding TLR2 or TLR4. The tested lipo-
polyamines activated NF-κB in a dose-dependent manner in cells
transfected with TLR2 or TLR4, whereas no activity was measured in
non-transfected cells revealing the peculiar ability of 122766, 122767
and 209204 to activate both receptors (Fig. 1B). Taken together, past
and present data show that all lipids interact with TLR2 but only lipids
209204, 122767 and 122766 also interact with TLR4.

Since we highlighted that some lipopolyamines activate TLR4 and
others do not, we wondered if this was reflected in a different spectrum
of secreted cytokines. We measured cytokine secretion characteristic of
different pathways in supernatants of murine macrophages stimulated
for 22 h with lipopolyamines (Fig. 2). All lipopolyamines induced a
significant secretion of TNF-α (Fig. 2A) and IP-10 (Fig. 2B) cytokines.

Lipopolyamines induced much more IP-10 secretion than PAMPs,
especially 122,766 but also 122,767 that showed a dose-dependent
decrease probably due to toxicity.

In addition to TNF-α and IP-10 measured for all the compounds, we
chose one lipid as representative of lipids activating both TLR2 and
TLR4 (lipid 209,204) and one as representative of lipids activating only
TLR2 (lipid 128,506) to measure IL-6, IL-10, IL-12 and IL1-β. No sig-
nificant differences were found: both lipopolyamines induced IL-6 and
IL-1β secretion in a dose-dependent manner (Fig. 2 C and D); neither IL-
12 nor IL-10 were detected (data not shown).

3.2. Lipopolyamines interact with TLR differently from bacterial ligands

In order to compare the activity of non-microbial TLR activators like
lipopolyamines, with the classical bacterial lipopolysaccharide (LPS)
and lipopeptides (Pam3CSK4), we investigated the role of co-receptors
in the pro-inflammatory activity of lipopolyamines and tested different
timing of NF-κB activation. Moreover, using two lipopolyamines, we
determined the ability of TLR2 and TLR4-activating lipopolyamines to
induce an inflammatory response in human cells and the relative role of
TLR2 and TLR4. We measured TNF-α secretion in primed THP-1 cells
incubated for 5 h with lipids 209,204 or 122,766 and Pam3CSK4 or LPS
as controls, after pre-incubation with or without antibodies blocking
TLR2 or TLR4 (Fig. 3). Lipids 209,204 and 122,766 induced a sig-
nificant TNF-α secretion that was strongly depleted by antibodies
blocking TLR2, but not by antibodies blocking TLR4. Pam3CSK4 and
LPS-induced TNF-α secretion was depleted by antibodies blocking TLR2
and TLR4 respectively, demonstrating that the antibodies were effective
and specific at the used concentrations. The TNF-α secretion induced by
209,204 and 122,766 was decreased by about 70% with antibodies

Fig. 2. Lipopolyamines induce cytokine secretion in murine macrophages.
Raw-blue cells were incubated for 22 h with the indicated concentrations of lipopolyamines or PAMPs (LPS, 100 ng/ml; Pam3CSK4, 30 ng/ml) then supernatants were
collected. TNF-α (A), IP-10 (B), IL-1β (C) and IL-6 (D) were quantified by ELISA. (A and B data reported after subtraction of Ctrl value). * indicates lipids that activate
both TLR2 and TLR4. Each bar represents the mean+ standard deviation of three replicated values (n=3). The experiment is representative of at least 3 in-
dependent replicates.

M. Pizzuto et al. Journal of Controlled Release 287 (2018) 67–77

71



blocking TLR2, suggesting that the secretion was mainly due to human
TLR2.

Fig. 4A and B shows HEK293 cells transfected with human TLR4 (A)
or TLR2 (B) with or without CD14, then stimulated with lipopolyamines

or bacterial TLR2 or TLR4 ligands in serum-free or complete medium. A
serum-free condition was chosen to ensure the absence of CD14. We
chose two lipids as representative of the lipopolyamines activating only
TLR2 (128,506 and 120,535) and two as representative of the ones
activating both TLR2 and TLR4 (209,204 and 122,766). As expected
LPS-dependent TLR4 activation was very poor in the absence of serum
and totally abrogated in the absence of CD14 (Fig. 4A), whereas
Pam3CSK4 was able to activate TLR2 in both conditions, although im-
paired in the absence of serum (Fig. 4B). In contrast to LPS, lipopo-
lyamines activated TLR4 without CD14 and serum, although the TLR4
activation was enhanced in the presence of CD14 (Fig. 4A). This effect
was more important for the C14-lipopolyamine (122766) than for the
C12 one (209204) (Fig. 4A). Additionally, differently from Pam3CSK4,
TLR2 activation by lipopolyamines was enhanced by CD14 (Fig. 4B).
The enhancement was more important for the C18– (128,506, 120,535)
over the C12– and C14-lipopolyamines (122,766, 209,204) (Fig. 4B).

PAMPs recognition by the innate system induces a strong immune
response and NF-κB activation is normally observed after 5 h. However,
in Fig. 1B, we tested 22 h of stimulation to ascertain to observe even
weaker or slower responses such as the ones that involve endocytosis. In
order to compare the timing of activation of lipopolyamines to the
PAMPs one, we also measured the activation of NF-κB in murine mac-
rophages (Raw-Blue cells) after 5 h of stimulation. Interestingly only the
two C12 lipopolyamines (Lipids 209,204 and 122,767) and one C14
(lipid 206,252) activated significantly after 5 h (Fig. 5), like natural
PAMPs (Pam3CSK4 and LPS) do, whereas most cationic lipids activated
only after 22 h of stimulation.

Fig. 3. TNF-α secretion in human macrophages is mainly dependent on TLR2.
Primed THP1 cells were incubated for 1 h in serum-free medium, then 1 h with
or without (no antibody) 60 μg/ml (30 μg/ml final concentration after addition
of tested compounds) antibodies blocking TLR2 (anti-TLR2) or TLR4 (anti-
TLR4). Then cells were incubated for 5 h with serum-free medium alone (Ctrl),
lipids 209,204 or 122,766 (20 μM) or LPS (50 ng/ml) or Pam3CSK4 (30 ng/ml).
TNF-α was quantified by ELISA. Each bar represents the mean+ standard de-
viation of three replicated values (n=3). The experiment is representative of at
least 3 independent replicates.

Fig. 4. Lipopolyamines do not require CD14 or serum to activate TLRs.
HEK293 cells were transfected with TLR4/MD2 (A) or TLR2 (B) plus CD14 (dark grey bars) or not (light grey bars), together with luciferase reporter plasmid
dependent on NF-κB activation and a constitutively active reporter vector encoding renilla luciferase. Two days after transfection, cells were incubated for 6 h with
the indicated concentrations of lipids 209,204, 122,766, 128,506, 120,535 in serum-free medium, LPS (100 ng/ml) or Pam3CSK4 (30 ng/ml) in serum-free (SFM) or
complete medium (CM). Luciferase and renilla were quantified in the cell lysate, normalized and reported here as fold induction as compared to control. NE: not
evaluated. Each bar represents the mean+ standard deviation of three replicated values (n=3). The experiment is representative of at least 3 independent re-
plicates.
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3.3. Lipopolyamines 209,204 and 128,506 have properties of
immunological adjuvant

In the first part, we have shown that all the studied lipopolyamines
were able to activate NF-κB, induce the production of pro-inflammatory
cytokines by murine or human macrophages and interact with TLRs
(TLR2 alone or TLR2 and TLR4 according to lipids) with behaviors that
differ from the natural ligands of these receptors. These properties are
compatible with an immunological adjuvant activity. To test this hy-
pothesis, we chose two lipids inducing a strong induction of NF-κB, one
activating both TLR2 and TLR4 (209204) and one activating only TLR2
(128506), and first studied their ability to form a complex with a
protein antigen and to be internalized by cells in the form of this
complex.

We associated ovalbumin, an antigen widely used in vaccination
experiments, with lipopolyamines 209,204 or 128,506 as described
above. To provide evidence of the formation of a complex between the
lipid and the antigen, we loaded the mixture on an acrylamide gel
under non-denaturing conditions (Fig. 6A, left part). Compared to
ovalbumin alone, when associated with lipid 209,204 or 128,506,
ovalbumin did not migrate through the gel. As a control, we assayed the
same samples in denaturing conditions (Fig. 6A, right part) that de-
monstrate the dissociation of the complex in lipid (lower band) and
ovalbumin (upper band). Lipid-antigen complexes were efficiently
taken up by macrophages as shown in Fig. 6B. The 128,506-antigen and
209,204-antigen complexes were internalized in larger amounts than
antigen alone, for which only a few fluorescence spots are detected, but
less efficiently than Alu-gel-antigen complexes.

We then tested the adjuvanticity of these lipopolyamines using the
model antigen ovalbumin (OVA). We injected mice intraperitoneally,
twice (day 0 and day 14), with 25 μg of OVA in saline buffer alone or
mixed with lipopolyamines (10 or 100 nmol) or aluminum salts (Alu-
Gel-S, 0.65mg). After 10 days (day 24), we assayed OVA-specific serum
total IgG titers by ELISA. At higher doses (100 nmol) both lipids in-
duced total IgG titers comparable to aluminum salts and significantly
higher than OVA alone (p < .01, Mann-Whitney statistical analysis)
(Fig. 7A).

To evaluate the Th2 humoral and Th1 cellular response induced by
the adjuvants, we evaluated the IgG1/IgG2a ratio in the same sera using
anti-IgG1 or IgG2a biotinylated antibodies. Differently from OVA alone

or Alum, which induced exclusively IgG1, lipopolyamines induced both
IgG1 and IgG2a antibodies production (Fig. 7B). In order to evaluate
the possible toxicity of the lipopolyamine-OVA complexes, we mea-
sured the liver enzymes ALT (Alanine Transaminase) and AST (Aspar-
tate Transaminase) as well as the inflammatory cytokine TNF-α in the
serum of the injected mice one post injections (D1 and D15) and ten
days later (D24) and examined the liver of injected mice at the end of
the vaccination protocol (D25) by performing hematoxylin and eosin
staining on slices. As shown in Fig. S3, no toxicity was detected neither
in serum nor on liver slices.

3.4. Analysis of in vivo pro-inflammatory properties of lipopolyamines
209,204 and 128,506

Mice were injected intraperitoneally either once (1B1) or three
times (3B1, at days 0, 14, 30) with ovalbumin/lipid (209,204 or
128,506) or ovalbumin/Alu-Gel-S complexes and, 24 h after the last
injection, cells were recovered from the peritoneal cavity and counted.
Fig. S1 shows that from the first injection, the number of cells was
multiplied by 2 to 2.5 compared to the number of cells recovered in
untreated mice. The number of cells recovered did not increase sig-
nificantly with the number of injection and did not change according to
the type of complex injected, lipid or alum.

The recovered cells were then cultured for 48 h in order to de-
termine the inflammatory cytokines present in the culture supernatant
(Fig. 7C, D and E). We quantified IP-10 and TNF-α, cytokines produced
by activated lymphocytes and which are the signature of the Th1 ac-
tivation pathway (cellular) (Fig. 7C and D), and IL-5 (Fig. 7E, left
panel), a cytokine produced by activated lymphocytes that signal the
Th2 activation pathway (humoral). Peritoneal cells recovered from
mice injected three times with ovalbumin/209204 or ovalbumin/
128506 produced, without the addition of any activator, levels of TNF-
α and IP-10 significantly higher than peritoneal cells recovered from
mice injected only once (Fig. 7C and D). Interestingly, three injections
of ovalbumin/Alu-gel-S did not lead to significant secretion of IP-10 nor
TNF-α in peritoneal cells (Fig. 7C and D). IL-5 was detectable in the
supernatant of cells from mice injected three times with ovalbumin/
209204, ovalbumin/128506 or Alu-gel-S complexes (Fig. 7E, left
panel). Nevertheless, due to data dispersion, only the cells resulting
from the treatment with ovalbumin/209204 had a level significantly
different from the cells from untreated mice. However, upon activation
by ovalbumin, IL-5 secretion level in the cells from vaccinated mice
increased significantly compared to untreated mice, regardless of the
adjuvant (Fig. 7E, right panel). This antigen-specific production of IL-5
is consistent with the antibody titers.

4. Discussion

4.1. The mechanism of interaction between lipopolyamines and TLRs

The cationic lipids 209,204, 122,766 and 122,767 have similar or
identical polar head group but shorter alkyl chains (12 or 14 carbon
atoms) compared to the C18-lipopolyamine 120,525, 128,506 and
120,535 (Table 1). Differently from these C18-lipopolyamines, which
activates only TLR2 [33], 209,204, 122,766 and 122,767 are able to
activate both TLR2 and TLR4 HEK-transfected cells (Fig. 1B).

However, the TNF-α secretion in THP-1 cells was mainly dependent
on TLR2 as demonstrated by the strong inhibition (70%) induced by
antibodies blocking TLR2 (Fig. 3). Although we did not observe any
inhibition induced by antibodies blocking TLR4, we do not exclude a
contribution of TLR4 in the residual 30% activity. Indeed, we have
previously characterized a C14-cationic lipid (diC14-amidine) that ac-
tivates TLR4 through a mechanism that involves residues located at the
dimerization interface between the two TLR4 monomers far from the
LPS binding site [26]. The observed inefficiency of antibodies blocking
TLR4 in inhibiting TNF-α secretion may be explained by the fact that

Fig. 5. Only 209,204, 122,767 and 206,252 activate a significant NF-κB in
murine macrophages after 5 h of stimulation.
Raw-blue cells were incubated for 5 or 22 h with lipopolyamines (20 μM), LPS
(100 ng/ml) or Pam3CSK4 (30 ng/ml), supernatants were collected and NF-κB
activation was measured by quantifying SEAP activity (Quanti-blue test). Each
bar represents the mean+ standard deviation of three replicated values
(n=3). The experiment is representative of at least 3 independent replicates.

M. Pizzuto et al. Journal of Controlled Release 287 (2018) 67–77

73



the cationic lipids characterized in this study follow the same me-
chanism as diC14-amidine and therefore standard TLR4 antibodies are
not able to inhibit the interaction within this region.

Further differences were observed with respect to the mechanism of
recognition of bacterial ligands by TLRs. LPS needs LPS Binding Protein
(LBP), present in serum, to activate TLR4 (Fig. 4A) and Pam2CSK4 TLR2
activation is increased in the presence of serum (Fig. 4B). By contrast,
lipopolyamines do not require serum (all experiments) and their ac-
tivity is impaired when it is present (data not shown). Additionally,
TLR4 activation by lipopolyamines does not require CD14, which is
instead an essential co-receptor for TLR4 activation by LPS (Fig. 4A).
Finally, lipopolyamines have an enhanced ability to activate TLR2 in
the presence of CD14, which is not the case of the natural ligand
Pam2CSK4 (Fig. 4B).

The type and amount of cytokines secreted after stimulation with
lipopolyamines were comparable to bacterial TLR4 or TLR2 ligands,
with the exception of IP-10 that was lower for LPS and absent for
Pam2CSK4 (Fig. 2). IP-10 is typical of endosomal TLR/IRF signaling
whereas TNF-α and IL-6 are cytokines representative of the TLR/
MyD88/NF-κB pro-inflammatory pathway that originates from the
plasma membrane [15]. However, the endosomal pathway may also
induce a late NF-κB activation [20], which is compatible with the
timing of NF-κB activation and cytokine secretion induced by lipopo-
lyamines (Figs. 1 and 2). TLR/MyD88/NF-κB pathway that originates
from the plasma membrane is faster and activated after few hours as
can be observed in cells incubated with PAMPs (Fig. 5). Such differ-
ences in IP-10 secretion and timing suggest that lipopolyamines inter-
action with TLRs occur mainly in the endosomes compared to bacterial
ligands.

However, the two C12 (209,204 and 122,767) and the C14-one with
a pyrimidinium group (206252) activate NF-κB after 5 h as PAMPs
(Fig. 5). It is likely that those lipids are the most fusogenic of the group.
Indeed, according to the literature, shorter lipid chain and aromatic
group in the polar head confer more fusogenicity [39, 40]. The ob-
served different timing of NF-κB activation depending on fusogenicity
suggests that fusogenic lipids fuse with the plasma membrane and ac-
tivate MyD88-pathway (short timing), whereas longer chains would
insert into the membrane only after endocytosis and would activate
exclusively the TRIF pathway.

Even for LPS chemotype that does not require CD14 for MyD88
signaling because hydrophobic enough to insert into the membrane by
itself, CD14 is necessary to induce TLR4 endocytosis and activate the
endosomal pathway [41]. The known ability of cationic liposomes to
interact with plasma membrane and induce endocytosis [42] may in-
duce a CD14-independent endosome signalization previously proposed
for diC14-amidine [43].

CD14 has been proposed to help LPS insertion to the cell membrane
instead of directly transfer LPS to TLR4 [44]. This model may explain
why CD14 is not required for lipopolyamines but merely enhances NF-
κB activation and why such enhancement is more significant for longer
(hence less fusogenic) lipids (Fig. 4A and B). Membrane insertion is
probably required for cationic lipids to reach the binding site near the
TLR4 transmembrane region, which has been shown crucial for diC14-
amidine activity [26]. This binding site is big enough to host C18-li-
popolyamines, but their inability to activate TLR4 may be due to their
low fusogenicity. C18-lipopolyamines may be not sufficiently fusogenic
to insert into the membrane and activate TLR4 even with the help of
CD14.

4.2. Adjuvanticity of TLR and NLRP3 activating lipopolyamines

We also demonstrated here that lipopolyamines induce IP-10, IL-6
and IL-1β secretion in murine macrophages and TNF-α in murine and
human macrophages. TNF-α and IL-6 are pro-inflammatory cytokines
typical of the NF-κB induction. IP-10 is instead the signature of Type I
IFN antiviral and T-cell stimulating response and is typical of the IRF
induction. Finally, IL-1β secretion demonstrates the concomitant acti-
vation of the NF-κB pathway, which expresses pro-IL-1β, and of the
inflammasome one that cleaves it. NLRP3 Inflammasome activation has
been previously shown for the lipid 206,252 [32]. Activation of the
inflammasome signaling is an important property of adjuvants such as
Alum [45]. However, Alum has to be combined with TLR ligands to
achieve antiviral or antibacterial immunization (Th1) [2]. The activa-
tion of both TLR and inflammasome pathways highlighted in this study,
combined with the carrier properties makes cationic lipid lipopolya-
mines excellent candidates as one-component vaccine adjuvants.

Adjuvant properties have been demonstrated in this study by the
presence of specific IgG antibodies in mice vaccinated with ovalbumin

Fig. 6. Lipids 209,204 and 128,506 form complexes with albumin and help its cellular uptake.
A) 209,204 or 128,506 (20 nmol) were mixed with ovalbumin (5 μg) in saline solution before loading on acrylamide gel in non-denaturing (SDS -, left part) or
denaturing (SDS +, right part) conditions. M: molecular weight markers. B) Raw cells were incubated for 24 h with mixtures of 209,204 or 128,506 or Alu-Gel and
FITC-Albumin or FITC-albumin alone. Fluorescence microscopy of washed and fixed cells (green: FITC-Albumin; white: DAPI labeling of nuclei).
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simply mixed to 206,252 (data not shown), 209,204 or 128,506
(Fig. 7A). The titers of IgG antibodies were comparable to aluminum
salts, the most used adjuvant in human vaccine [1]. The vaccination
resulted in an immune response against OVA, which was not present in
non-vaccinated mice (Fig. 7E and Fig. S2).

No significant differences were observed between only-TLR2 or
TLR2 and TLR4-activating lipopolyamines, suggesting an equal role of
both receptors or a main role of TLR2. However, more experiments are
needed to investigate the type of immune response and the role of TLR
and inflammasome pathway on immunization.

Following the simplified classical Th1/Th2 model, IgG1 antibodies
against protein antigens are produced after T helper cells differentiation
to Th2 during a humoral immune response against extracellular bac-
teria [46]. By contrast, antibodies against polysaccharide antigens,
IgG2a, are typical of a Th1 cellular response against intracellular pa-
thogens. Differently from aluminum salts, lipopolyamines induced both
IgG1 and IgG2a antibodies production (Fig. 7B) strongly suggesting that
both Th1 and Th2 differentiation are triggered by lipopolyamines. The
differences in antibodies production are consistent with the secretory
profile of the peritoneal cells recovered in the vaccinated mice (Fig. 7C,
D and E): cells from mice vaccinated with lipopolyamines secreted
cytokines typical of both Th1 (IP-10 and TNF-α) and Th2 pathway (IL-
5), whereas vaccination with Alum induced only IL-5 secretion. This
means that lipopolyamines may overcome the main restriction of Alum

use: the lack of protection against intracellular pathogens for which a
cell-mediated immunity (Th1) is required [2]. On the other hand, ca-
tionic lipids have already been used in human vaccine formulation but
mainly for their ability to transport the antigen to APCs. Cationic lipids
alone were not sufficiently immunostimulatory and had to be combined
with stronger Th1 and Th2 immunostimulants. [1, 23]. By contrast, our
work demonstrates that, without the addition of any other stimulants,
immunogenic lipopolyamines are able to fulfill three functions in one
(carrier, Th1 and Th2 immunostimulations) therefore achieving mice
immunization against OVA.

Furthermore, like Alum, lipopolyamines can interact with the an-
tigen and facilitate the transport (Fig. 6). But if in Alum complexes the
antigen is simply absorbed [47] the lipopolyamines investigated in this
study also form stable complex with DNA used for transfection [34, 48]
and hence could be used for gene-based and anticancer vaccine as well
[49]. Finally, their synthetic nature allows to explore structure mod-
ifications in order to enhance and direct immunostimulations.

5. Conclusions

The mechanism used by lipopolyamines to activate TLR2 and/or
TLR4 endosomal pathways is different from bacterial PAMPs and
probably linked to their fusogenic properties. The activation of both
TLR and inflammasome pathways induce both humoral and cellular

Fig. 7. Lipids 209,204 and 128,506 have an adjuvant effect similar to aluminum salts but induce a higher cellular Th1 response.
A, B) Swiss mice were injected at D0 and D14 with 25 μg of OVA alone or mixed with lipopolyamines 209,204 or 128,506 (10 or 100 nmol in A, 100 nmol in B) or
0.65 mg Alu-Gel-S, then sera were collected ten day later (D24). A) IgG titers determined by ELISA assay in collected sera. Statistic Mann-Whitney compared to OVA
alone or to the other dose of the same lipid * 0.010 < p < .05; ** p < .01; n=6 (209,204_100+OVA), 15 (alum+ OVA) or 9 (the other conditions). B) Collected
sera were diluted to one hundredth and tested in parallel by ELISA with anti IgG1 or IgG2a antibodies. Each bar represents the mean ± standard deviation of
replicated values (n=6 (209,204+OVA), 12 (alum + OVA) or 9 (the other conditions)). Statistic Mann-Whitney compared to OVA alone or OVA + Alum *
0.010 < p < .05; ** p < .01. C, D, E) Swiss mice were injected once at D0 (1B1) or three times at D0, D14 and D30 (3B1) with 25 μg of OVA mixed with
lipopolyamines 209,204 or 128,506 (100 nmol) or 0.65mg Alu-Gel-S. 24 h after the last injection, peritoneal cells were recovered, counted and seeded (106 cells/
well). After 48 h supernatant was collected and TNF-α (A), IP-10 (B) and IL-5 (C) were assayed using ELISA and compared with cells recovered from untreated mice
(Ctrl). Cells were cultured without added activator (C, D and E left panel) or in the presence of OVA 100 μg/ml (E right panel). Each bar represents the
mean+ standard deviation of replicated values (n= 6 (209,204+OVA), 12 (alum + OVA) or 9 (the other conditions)). Statistic Mann-Whitney compared to OVA
alone or OVA + Alum * 0.010 < p < .05; ** p < .01.
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immunization; which, combined with the ability of lipopolyamines to
transport negatively charged molecules such as antigens, make lipo-
polyamines promising one-component vaccine adjuvant for vaccine
formulations of minor cost and less adverse effects.
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