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ABSTRACT

Purpose Induction of cell-mediated immune (CMI) responses
is crucial for vaccine-mediated protection against difficult vac-
cine targets, e.g., Chlamydia trachomatis (Ct). Adjuvants are
included in subunit vaccines to potentiate immune responses,
but many marketed adjuvants stimulate predominantly hu-
moral immune responses. Therefore, there is an unmet med-
ical need for new adjuvants, which potentiate humoral and
CMI responses. The purpose was to design an oil-in-water
nanoemulsion adjuvant containing a synthetic GMI-
inducing mycobacterial monomycoloyl glycerol (MMG) ana-
logue to concomitantly induce humoral and CMI responses.
Methods The influence of emulsion composition was analyzed
using a systematic approach. Three factors were varied: 1) satu-
ration of the oil phase, 1) type and saturation of the applied
surfactant mixture, and iii) surfactant mixture net charge.
Results The emulsions were colloidally stable with a droplet
diameter of 150-250 nm, and the zeta-potential correlated
closely with the net charge of the surfactant mixture. Only
cationic emulsions containing the unsaturated surfactant mix-
ture induced concomitant humoral and CMI responses upon
immunization of mice with a Ct antigen, and the responses
were enhanced when squalene was applied as the oil phase. In
contrast, emulsions with neutral and net negative zeta-
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potentials did not induce CMI responses. The saturation de-
gree of the oil phase did not influence the adjuvanticity.
Conclusion Cationic, MMG analogue-containing
nanoemulsions are potential adjuvants for vaccines against path-
ogens for which both humoral and CMI responses are needed.

KEY WORDS adjuvant - drug delivery - emulsion - immune
response - vaccine

ABBREVIATIONS

CAF Cationic adjuvant formulation

CMI Cell-mediated immunity

Cryo-TEM  Cryo-transmission electron
microscopy

Ct Chlamydia trachomatis

DDA Dimethyldioctadecylammonium bromide

DODAC  Dioleoyldimethylammonium chloride

DOPE Dioleoylphosphoethanolamine

DSPE Distearoylphosphoethanolamine

GLA Glucopyranosyl lipid A

GRAS Generally regarded as safe

HA Hemagglutinin

HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

HLB Hydrophile-lipophile balance

HRP Horseradish peroxidase

HSM High shear mixing

IFN Interferon

IL Interleukin

LN Lymph node

MHC Major histocompatibility complex

MMG-| Monomycoloyl glycerol

MOMP Major outer membrane protein

Mtb Mycobacterium tuberculosis

o/w Oil-in-water

PDI Polydispersity index
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PMA Phorbol-12-myristate-13-acetate

Pos:neu Positive-to-neutral

RSV Respiratory syncytial virus

rt. Room temperature

S.c. Subcutaneous

TDB Trehalose-6,6'-dibehenate

TV Trivalent influenza vaccine

T™B 3,3",5,5"-tetramethylbenzidine

Tris Tris(hydroxymethyl)aminomethane

w/o Water-in-oil

z-average  Intensity-weighted average
hydrodynamic diameter

INTRODUCTION

Vaccination is generally considered as the most cost-effective
medical invention ever, and it has contributed to a remarkable
increase in the public health at a level comparable to what has
been achieved by providing general access to clean water and
good hygiene (1). However, there are still a number of challenges
that must be overcome in future vaccine development strategies
(2). One example is that licensed vaccines are mainly efficacious
against pathogens, where infection can be prevented with an
antibody response (1). In contrast, it is more challenging to design
efficacious vaccines against pathogens, where prevention of in-
fection also requires the stimulation of T-cell responses, e.g.,
Chlamydia trachomatis (Ct) and influenza virus (1,3). The
pathogen-specific antigens in subunit vaccines often possess low
intrinsic immunogenicity, providing the need for inclusion of
adjuvants, which can be specifically tailored to induce T-cell
and/or humoral responses. New adjuvants, which are capable
of concomitantly inducing strong humoral and T-cell responses,
may therefore potentially fulfill the immunological requirements
for future vaccines against such difficult pathogens.

Immunopotentiators, which can stimulate and/or modulate
immune responses, have been widely used in combination with
liposome-based delivery systems. Examples are the cationic ad-
juvant formulations (CAFs, Statens Serum Institut, Copenhagen,
DK) in which cationic dimethyldioctadecylammonium (DDA)
bromide is combined with an immunostimulator, e.g., treha-
lose-6,6'-dibehenate (TDB, CAFO1), or a synthetic analogue of
monomycoloyl glycerol (MMG-1), respectively (4—7). Liposomes
comprised of DDA and MMG-1 (CAF04) have been shown to
induce strong antigen-specific CD4 " T-cell responses, when ad-
ministered subcutaneously (s.c.), but the humoral responses they
induce are relatively weak (7). We therefore hypothesized that
appropriate incorporation of DDA and MMG-1 into an emul-
sion inducing strong humoral responses might enable the design
of an adjuvant capable of simulating concomitant cell-mediated
immune (CMI) responses.

Emulsions have been extensively evaluated as adjuvants for
subunit vaccines in combination with peptide and protein

antigens. A number of oil-in-water (0/w) emulsions based on
squalene are approved for clinical use [MF59 and ASO3
(GlaxoSmithKline, UK)], or are clinically tested [AFO03
(Sanofi Pasteur, Lyon, FR) and glucopyranosyl lipid A-stable
emulsion (GLA-SE, Infectious Diseases Research Institute,
Seattle, WA, USA)] (8). These emulsions are generally report-
ed to stimulate strong antibody responses in the clinic (9,10).
For example, monovalent, inactivated H7N9 influenza virus
adjuvanted with AS03 or MF59 were shown to significantly
increase the geometric mean antibody titer towards hemag-
glutinin (HA) in adults compared to the unadjuvanted virus
vaccine (9). Likewise, a trivalent influenza vaccine (TTV)
adjuvanted with MF59 induced significantly stronger anti-
body responses in infants aged 6—72 months compared to
the unadjuvanted TIV and a split vaccine (10). However,
more recent data suggest that an emulsion adjuvant in com-
bination with an immunopotentiator induces stronger CMI
responses than the emulsion adjuvant alone (11).

Emulsions consist of an immiscible oil phase dispersed in a
continuous water phase (0/w), or vice versa for water-in-oil
(w/0) emulsions. Stabilization of the interface can be achieved
by incorporation of surfactant(s) resulting in reduced surface
tension on the dispersed droplets (12). A number of different
surfactants are generally regarded as safe (GRAS) and used in
clinically approved emulsions, e.g., certain types of polysor-
bates (Tween) and sorbitans (Span). The MF59 emulsion thus
contains Tween 80 and Span 85 (8).

In the present study, we investigated the influence of the type
of o1l and the type of surfactant mixture (surfactant + amphiphilic
immunopotentiator, referred to as S, Tables I and II) on the
physicochemical properties and the capability of MMG-1-
containing emulsions to induce concomitant CD4" T-cell and
humoral responses. Therefore, S, with systematically varied
physicochemical properties were designed (Table II) and emulsi-
fied with unsaturated squalene or saturated squalane as the oil
phase and Tris-buffer as the water phase. The S, contained
either unsaturated (Tween 80, Span 80) or saturated (Tween 60,
Span 60) surfactants, respectively. The surface charge was varied
systematically by incorporating either unsaturated or saturated
lipid with a cationic headgroup [dioleoyldimethylammonium
chloride (DODAC) or DDA, respectively], an unsaturated or a
saturated lipid with a zwitterionic headgroup [dioleoylphos-
phoethanolamine (DOPE) or distearoylphosphoethanolamine

Table I  Experimentally Tested Formulation Variables. The Pos:neu Lipid
Molar Ratio is Defined as the Molar Ratio of DDA:DSPE, or DODA:DOPE,
in the Emulsions, Respectively

Factor
Type of oil Squalene Squalane
Type of Six Unsaturated Saturated
Pos:neu lipid molar ratio 2:0 I 0:2

@ Springer



1718

Schmidt et al.

Table Il The Composition of the Surfactant Mixtures (referred to as Sy
no. 1-6). The Amount of Each Component in Each Mixture is Given as Dose
(ug/dose) in a Dose volume of 100 ul with 10 mg Squalene or Squalane. In
the Saturated Six (no. 1-3), Span and Tween 60, MMG, DDA and DSPE
were Used, Whereas the Unsaturated S, (no. 4-6) Contained Span and
Tween 80, MMG, DODA and DOPE

Smix NO. I 2 3 4 5 6
Saturated Unsaturated

Span 960

Tween 1040

MMG 100

Pos. lipid 200 100 0 185 92 0

Neu. lipid 0 19 237 0 118 236

Pos:neu lipid molar ratio 2:0 [ 0:2 2:0 [ 0:2

(DSPE), respectively], or a 1:1 M mixture of cationic and zwit-
terionic unsaturated or saturated lipid (Table I). The emulsifica-
tion process was optimized towards achieving 1) monodisperse
emulsion droplet size distributions below 250 nm in average
hydrodynamic diameter, and ii) colloidally stable emulsions.
The capability of the emulsions to induce humoral
and CD4" T-cell responses was compared to the re-
sponses induced with CAF04.

We show that the recombinant vaccine candidate ( major
outer membrane protein (MOMP)-based fusion antigen
CTH522 (13), adjuvanted with emulsions containing MMG-
1 and displaying a net positive surface charge, is capable of
inducing antigen-specific humoral responses at higher levels
than the levels measured for CAF04, while the CMI responses
are comparable. Furthermore, we demonstrate that vaccines
based on emulsions containing the unsaturated, net positive
Smix Induce stronger CMI responses compared to vaccines
based on emulsions containing the saturated, net positive S, ..

MATERIALS AND METHODS
Materials

Squalene, squalane, Tween 60 + 80 and Span 60 + 80 were
obtained from Sigma-Aldrich (St. Louis, MO, USA). DDA
and MMG-1 (7) were purchased from Clausson Kaas
(Farum, DK), DSPE and DOPE were acquired from Avanti
Polar Lipids (Alabaster, AL, USA), and DODAC was obtain-
ed from Northern Lipids (Burnaby, BC, CA). All other
chemicals were used at analytical grade and purchased from
commercial suppliers.

Preparation of Emulsions

Weighed amounts of Span 80, MMG-1, DDA, DSPE,
DODAC, and DOPE, respectively, were dissolved in 99% (v/
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v) EtOH and mixed in glass vials resulting in the surfactant
mixtures specified in Table II. The mixtures were dried under
a gentle Ny stream for 2 h followed by air-drying overnight to
remove trace amounts of EtOH. Span 60 was weighed into the
appropriate dry surfactant mixtures, as it is poorly soluble in
EtOH. The o1l phase was weighed into the vials and heated at
60°C for 10 min with intermittent mixing to melt the surfactants
and the oil phase. The water phase consisted of Tween 60 or 80
dissolved in tristhydroxymethyl)aminomethane (Tris)-buffer
(10 mM, pH 7.4), and it was added to the oil phase after melting.
A pre-emulsion was prepared by high shear mixing (HSM) by
using a Heidolph Silent Crusher equipped with a 6F shearing
tool (Heidolph Instruments GmbH, Schwabach, DE) at 60°C
and 26,000 rpm for 5 min, which was subsequently
microfluidized by using a LV1 Low Volume Homogenizer
(Microfluidics, Westwood, MA, USA) with six passes at
20,000 psi. The final emulsions were sterile-filtered through a
0.22 pm filter (Sartorius Stedim Biotech GmbH, Goettingen,
DE) prior to vaccination.

Preparation of CAF04

Weighed amounts of DDA and MMG-1 were dissolved in
99% (v/v) EtOH and mixed in a glass vial at a molar ratio
of 82:18. The lipid mixture was dried under a gentle Ny
stream for 2 h followed by air-drying overnight to remove
trace amounts of EtOH. The lipid film was rehydrated in
Tris-buffer by HSM for 15 min as described above. The final
lipid concentration in the resulting dispersion was 2.5/
0.5 mg/ml DDA/MMG.

Ternary Phase Diagram

Construction of a ternary phase diagram of formulations con-
taining squalene and saturated S,,,;, with DDA was performed
by pre-mixing squalene and S,,,; at different molar ratios (1:9,
2:8 and so forth) with subsequent titration in Tris-buffer
(Fig. 1). Each mixture was emulsified by HSM as described
above at 60°C and 26,000 rpm for 5 min. The resulting mix-
tures were analyzed with light microscopy and polarized light
microscopy by using an Axiolab E microscope (Carl Zeiss
Microscopy GmbH, Jena, DE) and analyzed with Motic
Images Plus 2.0 software (Motic, Hong Kong, CN). The mix-
tures were identified as o/w or w/o emulsions, respectively,
and the presence of S,;, crystals was noted.

Physicochemical Characterization

The intensity-weighted average hydrodynamic diameter (z-
average) and polydispersity index (PDI) of the emulsion were
determined by dynamic light scattering (DLS) using the pho-
ton correlation spectroscopy technique. Undiluted samples
were analyzed at 25°C using a Zetasizer Nano ZS (Malvern
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Fig. | (a) Mixtures prepared at different ratios (% w/w) of squalene and Sat S| were titrated with Tris-buffer, and a ternary phase diagram was constructed.
Yellow: w/o emulsion region, possibly with crystalline structures. Blue: oAv emulsion region. Hatched area: Inversion zone. The w/o emulsions contained crystals
of Smix components that could not be dissolved in the oil phase, and the amount of crystals correlated with the ratio of S,;.. (b) Representative polarized light
microscopy images of ternary mixtures. Top: oA emulsion 25% (w/w) squalene, 25% (w/w) Sat Six |, 50% (W/w) Tris-buffer. Middle: inversion zone 30% (w/w)
squalene, 30% (WAw) Sat Spix |, 40% (w/w) Tris-buffer. Bottom: w/o emulsion w crystalline structures 45% (w/w) squalene, 45% (w/w) Sat S|, 109% (ww) Tris-

buffer.

Instruments Ltd., Worcestershire, UK) equipped with a
633 nm laser and 173° detection optics. The measurements
were not affected by the sample concentration within the
range used in the present study. For viscosity and refractive
indexes, the values of Tris-buffer were used. The particle size
distribution was reflected in the PDI, which ranges from 0 for
a monodisperse to 1.0 for an entirely heterodisperse disper-
sion. Laser-Doppler electrophoresis was used to determine the
zeta-potential of the emulsions diluted 100 times in MilliQ)-
water. Zetasizer Software version 7.11 (Malvern Instruments
Ltd) was used for acquisition and analysis of the data. The
morphology of the emulsions was investigated by cryo-
transmission electron microscopy (cryo-TEM) using a
Tecnai G2 20 TWIN transmission electron microscope
(FEL Hillsboro, OR, USA) mounted with a 4x4 K charged-
coupled device Eagle camera from FEI, essentially as de-
scribed elsewhere (5). The emulsions prepared at a positive-
to-neutral (pos:mneu) lipid molar ratio of 2:0 were further eval-
uated by small deformation rheology using an AR-G2
Rheometer (TA Instruments-Waters LLC, New Castle, DE,
USA) equipped with a cone-Peltier plate geometry (diameter
of 40 mm and a 1° cone angle) and a solvent trap system. The
emulsions were vortexed for 15 s prior to the measurements to
ensure sample homogeneity. A sample volume of 0.30 mL was
used, which was mounted directly on the lower geometry kept

at 23.0 = 0.1°C. A conditioning step was performed with pre-
shear at shear stress of 0.05 Pa for 10 s followed by 5 min
equilibration time, followed by a frequency sweep with an
increasing angular frequency from 0.01 to 100.0 rad/s. Four
points were collected per decade and the oscillation stress was
set to 0.015 Pa. Before running the stress sweep, a second
conditioning step was conducted. The sweeps were performed
for each emulsion, where the oscillation stress was increased
from 0.001 to 10 Pa at a step size of six to eight points per
decade with a constant frequency of 0.100 Hz.

Immunization of Mice

All animal experiments were conducted in accordance with the
national Danish guidelines for animal experiments as approved
by the Danish Council for Animal Experiments and in accor-
dance with EU directive 2010/63/EU. All procedures were re-
fined to provide maximal comfort and minimal stress for the
animals. Female, 6-8 week old C57BL/6 mice were purchased
from Harlan (Horst, NL) and allowed free access to food and
water. Groups of four mice were immunized twice with three-
week intervals s.c. at the base of the tail with a dose volume of
100 pl and 5 pg CGTH522 (54 kD, provided by Department of
Vaccine Development, Statens Serum Institut), which was mixed
with the adjuvants 30 min prior to administration (13). The dose

@ Springer



1720

Schmidt et al.

of the emulsions is given in Table II. Unadjuvanted CTH522
was used as the negative control, and CTH522 adjuvanted with
CAF04 (250/50 pg DDA/MMG-1 in 100 pl pr. dose) was used
as the positive control, respectively.

Preparation of Organs

Immune responses were evaluated two weeks after the final im-
munization. The spleens and the draining, inguinal lymph nodes
(LNs) were harvested, and the blood was collected. Serum was
1solated from the blood by centrifugation at 10,000 g for 10 min.
Single cell suspensions were obtained from the spleen and LNs
by passing the organs through a nylon mesh cell-strainer followed
by washing with phosphate-buffered saline (PBS) and RPMI
1640 (Gibco Invitrogen, Carlsbad, CA, USA). The cells were
resuspended in RPMI 1640 supplemented with 10% (v/v)
heat-inactivated fetal bovine serum, 5x10°° M p-
mercaptoethanol, 1% (v/v) penicillin-streptomycin, 1% (v/v) so-
dium pyruvate, 1 mM L-glutamine, and 10 mM 4-(2-
hydroxyethyl)-1-piperazinecthanesulfonic acid (HEPES), as de-
scribed elsewhere (7).

Quantification of Interferon (IFN)-y

Single-cell suspensions of splenocytes were restimulated in 96
well-plates containing 2x10° cells/well for 4 days at 37°C. with
5 pg CTH522, while Concavalin A (5 pg/ml, Sigma-Aldrich)
or medium alone served as positive and negative controls,
respectively. The IFN-y concentration in the supernatant
was measured by using an enzyme-linked immunosorbent as-
say (ELISA) kit (BD Biosciences, San Jose, CA, USA), as de-
scribed previously (7). Briefly, MaxiSorp plates (Nunc,
Roskilde, DK) were coated with capture anti-mouse IFN-y
antibody overnight at 4°C. Following blocking with 2% (w/
v) skim-milk powder dispersed in PBS, the supernatants were
added to the wells at eight-fold dilution in PBS. After 2 h
incubation at room temperature (rt), biotin anti-IFN-y was
added, followed by streptavidin-conjugated horseradish per-
oxidase (HRP). Detection was performed with 3,3',5,5'-
tetramethylbenzidine (TMB, Kem-En-Tec, Taastrup, DK),
and the reaction was stopped with 0.2 M HySOy. The optical
density was read at 450 nm with 570 nm correction.

Intracellular Flow Cytometry Analysis

The percentage of antigen-specific cytokine-producing CD4 "
T cells relative to the total population of CD4" T cells in
response to restimulation with the antigen was determined
by using intracellular flow cytometry. Briefly, isolated
splenocytes or lymphocytes (10° cells/well) were stimulated
for 6 h at 37°C with either 5 pg/well CTH522, supplemented
RPMI 1640 medium or a phorbol-12-myristate-13-acetate
(PMA) and ionomycin mix (both from Sigma-Aldrich), in the
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presence of anti-mouse CD28 antibody (37.51), anti-mouse
CD49d antibody (MFR4.B, both from BD Biosciences) and
Brefeldin A (Sigma-Aldrich). The intracellular cytokine stain-
ing procedure was performed essentially as described else-
where (5). The cells were surface-stained with FITC-labelled
anti-mouse CD44 antibody (IM7) and eFluor780-conjugated
anti-mouse CD4 antibody (RM4-5), and stained intracellu-
larly with APC-labelled anti-mouse IL2 antibody (JES6-5H4),
PerCP-Cyb.5-labelled anti-mouse IL17a antibody
(eBio17B7), PE-labelled anti-mouse TNF-a antibody (MP6-
XT22), and PE-Cy7-labelled anti-mouse IFN-y antibody
(XMG1.2), all from eBiosciences (San Diego, CA, USA).
Briefly, cell fixation and permeabilization were done by using
BD Cytofix/Cytoperm™ (BD, San Diego, CA, USA) follow-
ed by intracellular cytokine staining (Supplementary data, fig.
1). The cells were acquired by flow cytometry using a BD
Canto flow cytometer (BD Biosciences), and analyzed by using
FlowJo vX software (Tree Star, Ashland, OR, USA).

Measurement of Antibody Levels in Serum

Antigen-specific IgG1 and IgG2c¢ antibody levels in serum
were measured by ELISA. MaxiSorp plates were coated with
2 pg/well CTH522 overnight at 4°C. The plates were
blocked with 2% (w/v) bovine serum albumin (Sigma
Aldrich) in PBS, and the serum was added in serial dilutions,
in a concentration range covering both the maximum and
minimum plateau levels, respectively, depending on the
isotype. After 2 h incubation at rt., antigen-specific IgG1
and IgG2c were detected with HRP-conjugated rabbit anti-
mouse IgG1 antibody (diluted 1:20,000), or HRP-conjugated
rabbit anti-mouse IgG2c¢ antibody (diluted 1:5000), respec-
tively. TMB was used as substrate, and the reaction was
stopped with 0.2 M HoSOy4. The optical density was read at
450 nm with 570 nm correction. Antibody endpoint titers
were calculated using the method proposed by Frey e al.,
utilizing the mean and standard deviation of the naive group
to calculate the cut-off at each dilution (14).

Statistical Analysis
One-way ANOVA was used to analyze the difference be-

tween the individual groups in GraphPad Prism version 6.05
for Windows (GraphPad Software, La Jolla, CA, USA).

RESULTS

A Systematic Investigation of Emulsion Formulation
Parameters

We systematically evaluated the effects of composition on the
physicochemical properties (z-average, PDI and zeta-
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potential) and adjuvanticity of the emulsions. The selected
variables included 1) saturation of the oil phase, ii) type and
saturation of the surfactant, and iii) pos:neu lipid molar ratio
of the surfactants (Table I).

Unsaturated squalene and saturated squalane were chosen
as the oil phases. They are both isolated from animal or plant
sources and are biocompatible and well-tolerated in humans
(12,15). Squalene is more frequently used than squalane in
emulsions for vaccine adjuvants (12). Important for the choice
of oil is on one hand that squalene may be more readily me-
tabolized due its role as a precursor in the cholesterol biosyn-
thesis than squalane (16). One the other hand, squalane may
confer enhanced chemical stability to the emulsion compared
to squalene, as it is less prone to oxidation due to the absence
of double bonds (12,17). The optimal volume ratio between
the oil phase and the water phase, the concentration of the
surfactants, and the composition of the different surfactant
mixtures were determined in pilot studies (results not shown).
The final compositions of the emulsions included in the exper-
imental design are shown in Table I and IL

The emulsions were prepared by melting the surfactants
with low hydrophilic-lipophilic balance (HLB) numbers
(Span 60/80) and DDA, DODA, DSPE, DOPE and MMG
in the oil phase, followed by addition of the water phase con-
taining the surfactants with high HLB numbers (T'ween 60/
80) dissolved in Tris-buffer (10 mM, pH 7.4). The process
parameters (number of passes and process pressure) were se-
lected 1n pilot studies (Supplementary data fig. 2). In brief] a
pre-emulsification step applying HSM was introduced prior to
microfluidization of the emulsions to facilitate the emulsifica-
tion process. Microfluidization was employed for emulsifica-
tion to facilitate maximal reduction of the particle size. The
colloidal stability of the emulsions was also enhanced, because
emulsions prepared by using HSM showed a tendency to
creaming already one day after preparation. The emulsions
prepared using microfluidization did not show any creaming
during storage at 4°C for two weeks, which was the duration
of the wn viwo study.

To evaluate both humoral and CMI responses induced by
the emulsions i vwo, the recombinant, (¢ fusion antigen
CTH522 was used for immunization. CTH522 contains T-
cell epitopes and B-cell epitopes covering the most prominent
Ctserovars (13). CG'TH522 adjuvanted with CAFO01 is currently
being tested in humans (Clinical trial no. NC'T02787109). Itis
therefore well-suited for the evaluation of both antibody as
well as CMI responses.

Phase Diagram of Squalene-Based Mixtures

A phase diagram was constructed for the mixtures containing
squalene with the saturated surfactants and DDA (Sat S,;1)
to investigate the phase behavior of the mixtures at different
ratios (w/w) of Tris-buffer, squalene, and Sat S,;1 (Fig. 1a).

Pre-mixed squalene and Sat S, 1 at different ratios were
titrated with Tris-buffer. The resulting mixtures were ana-
lyzed morphologically by light microscopy and polarized light
microscopy. As expected, high ratios of Sat S,,;, and squalene
resulted in w/o0 emulsions containing crystals, presumably
composed of precipitated surfactant(s) (Fig. 1b). Increasing
the ratio of Tris-buffer resulted in phase inversion to o/w
emulsions, and the crystals were dissolved. As o/w emulsions
are desirable as adjuvants, the emulsions for the optimization
experiment were chosen within the o/w area of the phase
diagram, containing 10% oil phase and 2% S;, (w/v), which
was confirmed by polarized light microscopy (results not
shown).

Physicochemical Characterization of Emulsions

The emulsion droplets had z-averages between 125 and
230 nm and PDIs between 0.12 and 0.43 (Fig. 2a). The type
of oil and surfactant had an impact on the droplet size and
PDI, and emulsions containing squalene and the unsaturated
surfactants had the smallest average droplet sizes (Fig. 2a).
Cryo-TEM of emulsions based on squalene or squalane with
either Sat S;;,1 or Unsat S; 4 (Fig. 2b) confirmed the pres-
ence of emulsion droplets. It cannot be fully excluded that
other small structures were present, but in any case, they were
impossible to distinguish from artifacts from the ice. The size
of the emulsion droplets apparent from the images
corresponded well with the z-average measured by DLS.
Thus, for most emulsions, the majority of droplets were small-
er than approx. 150 nm, while the emulsion based on
squalane with Unsat Smix 4 had a larger average droplet size
(Fig. 2b).

The zeta-potential was highly dependent on the posmneu
lipid molar ratio, as a pos:neu lipid molar ratio of 2:0 resulted
in a positive zeta-potential of the droplets (40-60 mV, Fig. 2¢),
comparable to the zeta-potential of CAF04, which is 40 mV
(results not shown), as previously reported (7). At a posmeu
lipid molar ratio of 1:1, the cationic zeta-potential was slightly
reduced (Fig. 2¢). Interestingly, the emulsions with a pos:neu
lipid molar ratio of 0:2 had negative zeta-potentials at the
applied experimental conditions. As expected, the pos:neu
molar lipid ratio had an influence on the zeta-potential
(Fig. 2¢). However, the choice of surfactant mix also affected
the zeta-potential.

Rheological stress testing was performed to assess the me-
chanical strength of the emulsion system. When applying a
shear stress to the emulsions (Fig. 2d), a significant decrease
in the elastic modulus (G) was observed at oscillatory stress
values of 0.15-0.25 Pa for the emulsions based on the Sat
Siixl. In contrast, measurements of emulsions based on the
Unsat S,,;4 failed to establish a steady state, indicating that
the emulsion systems were disintegrating even at minimal
shear. The amount of stress needed to induce a significant
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or zwitterionic lipids (DSPE or DOPE) in the Sq.

decrease in G, e.g., the force needed to disrupt the secondary
bonds within the emulsion is likely to influence behavior,
hence stability and performance during immunization.
Thus, emulsions based on Sat S;;1 are more likely to retain
system integrity, whereas the emulsions based on Unsat S,,,;4
might disintegrate during administration due to the shear
stress introduced in the syringe upon administration. In addi-
tion, there might be differences in the kinetics of drainage and
interaction with antigen-presenting cells, depending of the
type of S

Moreover, dynamic frequency sweeps were performed for
the emulsions based on squalene or squalane emulsified with
Smixl (Fig. 2¢). At frequencies below 0.2-0.3 rad/s, the shear
storage modulus was lower than the shear loss modulus
(G" < G7), indicating the that emulsions might behave as vis-
coelastic liquids (18). However, at higher frequencies the

@ Springer

emulsions adopted what might be a gel-like structure with
G < G’. Similar trends for G" and G** were observed for
the two emulsions at increasing frequencies, indicating the
Sat S,,ic1 1s decisive for the behavior of the emulsions, whereas
the type of oil (squalene or squalane) has no influence.

Emulsions with a Positive Zeta-Potential Combined
with an Unsaturated Surfactant Induce CD4" T-Cell
Responses

The adjuvants were evaluated for their ability to induce anti-
body and Th1/Th17 responses, because CAF04 has previous-
ly been reported to stimulate a mixed Th1/Th17 response (7).
The CD4 " T-cell responses were evaluated by quantifying the
antigen-specific secretion of IFN-y from isolated splenocytes
restimulated with CTH522 measured by ELISA (Fig. 3a). In
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addition, it was evaluated by counting the frequency of
antigen-specific IFN-y- and TNF-a-producing CD4" T cells
in the spleen analyzed by intracellular staining and flow cy-
tometry (Fig. 3b-c, for clarity only the emulsions with pos:neu
lipid molar ratio of 2:0 are shown). Only vaccination with
emulsions with a positive zeta-potential resulted in the induc-
tion of antigen-specific production of IFN-y by restimulated
splenocytes and increased frequencies of IFN-y- and TNF-a-
producing CD4" T-cells (Fig. 3a-c). Interestingly, of the emul-
sions with positive zeta-potentials, those containing Unsat
Smixd and squalene induced significantly higher CD4" T-cell
responses, as compared to the emulsions containing the Sat
Smixl (Fig. 3). Accordingly, data analysis showed that the
pos:neu lipid molar ratio and the choice of surfactant had a
significant impact on the induced immune responses, whereas
no significant effect was observed with regards to the choice of
oil phase (Fig. 3). The rational choice of oil phase should thus
be based on other factors, e.g., cost, biocompatibility, physical
and chemical stability, prior clinical experience and
availability.

The emulsion composed of squalene and Unsat S,,;; 4 con-
taining DODA induced the strongest antigen-specific CD4"
T-cell response, and the magnitude of the IFN-y response was
similar to the magnitude of the responses measured after vac-
cination with CAF04 (Fig. 3). Interestingly, the emulsions with
a posmneu lipid molar ratio of 1:1, which also had a positive
zeta-potential, did not induce any antigen-specific CD4" T-
cell responses. This may suggest that antigen adsorption takes
place via attractive electrostatic interactions between the cat-
ionic emulsion droplets and the net negatively charged
C'TH522 protein (calculated theoretical isoelectric point value
of 4.97, unpublished data), which results in emulsions with a
neutral zeta-potential after adsorption of C'TH522. This was
confirmed by zeta-potential measurements (results not
shown). Net neutral vaccine formulations in general show re-
duced uptake in antigen-presenting cells, compared to posi-
tively charged formulations (19,20), which explains the lack of
immune response. However, further studies are needed to
investigate the mechanisms of antigen adsorption and the cel-
lular uptake.

High concentrations of IFN-y were secreted from restimu-
lated splenocytes isolated from mice vaccinated with CAF04
(Fig. 3a), as previously reported (7). This correlates well with
the high frequencies of IFN-y- and TINF-a-producing antigen-
specific CD4" T-cells measured in the spleen (Fig. 3b-c).
Antigen-specific CD4" T cells can be classified into cells with
a potential effector-like or a potential memory-like phenotype,
depending on their expression of IFN-y, IL-2 and TNF-a (21).
Mice immunized with emulsions containing the Unsat S,; 4
showed predominantly triple-positive and IFN-y “"TNF-a"
double-positive CD4 " T-cell populations (Fig. 3d), which are
mainly categorized as potential effector T cells (21). These
populations are also present after immunization with

Fig. 3 Antigen-specific T-cell production of cytokines. Groups of four mice P>
were immunized s.c. twice with 5 ug CTH522 plus the indicated adjuvants.
One week after the last immunization, splenocytes were restimulated with
CTH522 and (@) the levels of INF-y were measured by ELISA, or the
percentage of (b) TNF-a and (c) INF-y producing CD44™" CD4" T cells
were determined by flow cytometry. Data are means = SEM, n.s.: the group
is not statistically different from the group vaccinated with CAFO4-adjuvanted
CTH522. All other groups were significantly different from the group
vaccinated with CAFO4-adjuvanted CTHS522 (for clarity, statistics is not
included in the figure). (d) Charts representing the frequencies of IFN-y, IL-
2 and TNF-a single-, double- and triple-producing activated CD4 ™" T-cells
following stimulaton with CTH522. The charts have been scaled to reflect the
relative magnitudes of the CD4" T-cells responses between the
immunization groups. (€) IL-17 producing CD44"" CD4* T cells of
splenocytes stimulated with CTH522, as determined by flow cytometry.
SQE: squalene, SQA: squalane. Data are representative for two
independent studies.

CAF04, which in addition induced potential memory-like
IL2"TNF-o" and TNF-o." populations (Fig. 3d).

In Contrast to CAF04, Emulsions do Not Stimulate
Th17 Responses

The CAF04 adjuvant has been shown to induce strong Th17
responses (7), which may be highly relevant for vaccines that
should stimulate mucosal immune responses (22,23). We con-
firmed that CAF04 stimulates Th17 responses, but very little
IL-17a was produced in response to restimulation with the
antigen of splenocytes from mice immunized with all types
of emulsions (Fig. 3¢). There was a tendency that the emulsion
with the Sat S.;] and squalane induced Thl7 responses,
although the measured IL-17a concentration was not signifi-
cantly different from the concentration measured for the neg-
ative control. This emulsion has the closest resemblance to
CAF04 in terms of composition. These findings indicate that
itis not only the molecular composition of the adjuvant, which
is decisive for the induction of Th17 responses, but also the
way the immunopotentiators are presented by the delivery
system (24). Further studies are needed to identify the exact
mechanisms of action for Thl7-stimulating adjuvants.

Emulsions and CAF04 Stimulate Comparable IgG
Responses

There was a tendency to stronger induction of antigen-specific
IgG1 and IgG2c responses by the emulsion with a positive
zeta-potential containing squalene and Unsat S,; 4, as com-
pared to the other emulsions and CAF04, as observed from
the antibody titer curves (Fig. 4a-b). The induction of IgG2¢
responses was reduced for the emulsions containing Sat S ;. 1,
while the difference between the emulsions was less pro-
nounced for the IgG1 responses (Fig. 4a-b). However, evalu-
ation of the end-point titers showed no statistical significant
difference between the emulsions and CAF04, however, the
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emulsion with squalene and Unsat S,;; 4 induced significantly
higher IgG2¢ responses as compared to the emulsions with
squalane and Sat S ;1 (Fig. 4c-d).

DISCUSSION

A net positive zeta-potential has been shown to be required for
stimulation of CD4" T-cell responses (25). Therefore, the cor-
relation between the zeta-potential and the type of immune
response observed in the current studies was expected: A
pos:neu lipid molar ratio of 2:0 was essential for induction of
CD4" T-cell responses following immunization with the
emulsions, whereas immunization with the emulsions with a
pos:meu lipid molar ratio of 0:2 did not induce any Thl re-
sponses. A similar dependency of the zeta-potential on the
immunological responses was observed in a comparative study
of cationic CAF01 and neutral DSPC/'TDB-liposomes, show-
ing that only cationic CAFO1 induced CD4" T-cell responses
(25).

Immunization with emulsions containing the Unsat S, ;4
resulted in induction of higher CD4 " T-cell responses, as com-
pared to the responses induced with emulsions containing Sat
Smixl. Therefore, the saturation of the applied surfactant mix-
ture is of importance. A comparative study of the immune

responses stimulated by CAFO1-adjuvanted antigen and anti-
gen mixed with an adjuvant, where DDA was replaced with
the unsaturated DODA, showed that immunization with
liquid-state liposomes containing DODA did not stimulate a
T-cell response (26). For the cationic liposomes, an increased
membrane bilayer rigidity correlated with an increased ability
to form a depot at the SOI, as well as co-localization of anti-
gen [the recombinant Mycobacterium tuberculosts (Mtb) fusion an-
tigen Ag85B-ESAT-6] and adjuvant in DCs in the dLNs (26).
Formation of a depot of the antigen + adjuvant at the SOI
and the concomitant co-delivery of antigen + adjuvant to DCs
have been shown to be important prerequisites for the induc-
tion of CD4" T-cell responses with liposomal adjuvants
(26,27).

For the emulsion-based adjuvants, the mechanisms of an-
tigen adsorption, depot formation at the SOI and the concom-
itant delivery of antigen + adjuvant to DCs might be different.
The cationic surface charge probably contributes to enhanc-
ing the co-delivery of antigen and adjuvant to DCs and mac-
rophages at the SOI, because of the strong antigen adsorption
via attractive electrostatic interaction and enhanced cellular
uptake (20,28). However, delivery to the dL.Ns might be influ-
enced by the fluidity of the surfactants. The MF59 adjuvant,
which is based on squalene, Tween 80 and Span 85 (8), does
not form a depot at the SOI, but is rapidly transported to the
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dLNs, although antigen-positive cells are observed at the SOI
for days (29,30). The proposed rapid clearance of the
emulsion-based adjuvants from the SOI might influence the
quality of the antigen-specific CD4 " T-cell response, which is
mainly of a potential effector-like type. In contrast, the con-
tinuous release of vaccine from a depot formed at the SOI
following CAF04 immunization may result in stimulation of a
stronger memory response. For yet unknown reasons, the up-
take of the emulsions by antigen-presenting cells might be
enhanced when the surfactants are unsaturated, as compared
to the saturated surfactants. Biodistribution studies are cur-
rently being performed to track the vaccine after
administration.

In case of the nanoemulsions designed in the present study,
it appears that the introduction of an immunostimulator into a
delivery system may enhance the capability of the adjuvant
system to induce concomitant CMI and humoral responses.
Thus, the incorporation of MMG-1 into the nanoemulsions is
proposed to be necessary for the induction of CD4" T-cell
responses. This was also the case in a comparative study,
where different types of adjuvants, which are either clinically
approved or under clinical investigation, were compared
head-to-head in mouse models with antigens against Gt
(MOMP), Mth (Ag85B-ESAT-6-Rv2660c), and influenza vi-
rus (HA) (31). CAFO1 was used in that study, but Th1/Th17-
dominated CMI responses were induced with all antigens,
comparable to those induced by CAF04 (4,7). Immunization
with antigens adjuvanted with MF59 and Alum resulted only
in strong humoral responses, whereas adjuvants containing an
immunostimulator (CAF01, IC31 and GLA-SE) induced
strong CD4" T-cell responses (31). However, the CD4" T-
cell responses are also dependent on the antigen; GLA-SE
induced stronger CD4" T-cell responses when combined with
Ag85B-ESAT-6-Rv2660c, as compared to MOMP and HA
(31). Adjuvants containing an immunostimulator have also
been shown to be more effective for inducing CD4" T-cell
responses in clinical studies. An increase in the CD4" T-cell
responses was reported for adults vaccinated with AS03-
adjuvanted TIV (32). GLA-SE was used as adjuvant for a
respiratory syncytial virus (RSV) fusion protein and tested
clinically in a phase Ia trial (11). Both humoral and CMI
responses were reported, which were significantly higher than
the responses measured for the unadjuvanted RSV fusion
protein (11).

The tendency of the emulsion based on squalene and
Unsat S;;4 to induce stronger antibody responses than
CAF04 may be correlated to the induction of CD4" T-cell
responses, which help driving the class switching of the anti-
bodies (33). However, CAF04 induces strong CD4" T-cell
responses, so other mechanisms might also play a role for
the induction of humoral responses by emulsions. For exam-
ple, MI39 has been shown to be transported to the LNs by
neutrophils within I h of i.m. immunization, and unprocessed
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antigen was located in the medullary compartments of the
LNs (30,34). Other types of emulsion-based adjuvants have
been shown to induce high antibody responses as compared
to the cationic, liposome-based adjuvants (31).

CONCLUSION

Here we report the systematic design of a nanoemulsion-based
adjuvant capable of inducing concomitant humoral and CMI
responses. Systematic evaluation of the independent variables
1) oil phase, ii) saturation of the surfactants, and iii) lipids with
positively charged or neutral headgroups was utilized to inves-
tigate the influence of these factors on the physicochemical
characteristics and immunological responses. The combina-
tion of a positive zeta-potential and unsaturated S, in the
emulsion droplets resulted in stimulation of concomitant CMI
and humoral responses.
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