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29Modern subunit vaccines have many benefits compared to live vaccines such as convenient and compet-
30itive large scale production, better reproducibility and safety. However, the poor immunogenicity of sub-
31unit vaccines usually requires the addition of potent adjuvants or drug delivery vehicles. Accordingly,
32researchers are investigating different adjuvants and particulate vaccine delivery vehicles to boost the
33immunogenicity of subunit vaccines. Despite the rapidly growing knowledge in this field, a comparison
34of different adjuvants is sparsely found. Until today, little is known about efficient combinations of the
35different adjuvants and particulate vaccine delivery vehicles.
36In this study we compared three adjuvants with respect to their immune stimulatory potential and
37combined them with different particulate vaccine delivery vehicles. For this reason, we investigated
38two types of polyI:C and a CL264 base analogue and combined these adjuvants with differently sized
39and shaped particulate vaccine delivery vehicles. A high molecular weight polyI:C combined with a
40spherical nano-sized particulate vaccine delivery vehicle promoted the strongest dendritic cells
41activation.
42� 2015 Published by Elsevier B.V.
43

44

45

46 1. Introduction

47 Vaccination is a potent and cost-effective tool to treat and pre-
48 vent fatal diseases [1]. The morbidity of life threatening disease
49 such as smallpox, polio, hepatitis B, or measles has been signifi-
50 cantly reduced [2]. Therefore, vaccination contributed to the drop
51 of children-mortality from 20 million cases worldwide in 1960 to
52 less than 10 million in 2005 [2].
53 In addition, the development of subunit vaccines facilitates the
54 industrial large scale production, which reduces the production
55 costs, and therefore increases the accessibility of vaccines to poor
56 regions. Living pathogens can cause serious side effects or death
57 in immune-deficient patients, as they can revert to virulent
58 wild-type strains [3]. Subunit vaccines consist of purified oligopep-
59 tides, recombinant proteins, or viral subunits, which cannot lead to
60 disease and thus have a lower toxicological profile [4]. Despite
61 these benefits, subunit vaccines are rather poorly immunogenic
62 and require the addition of a potent adjuvant [5].
63 Adjuvants and particulate vaccine delivery vehicles have been
64 applied to boost the immunogenic potency of subunit vaccines

65[6]. Specifically, adjuvants enhance antigen presentation and
66co-stimulation. A common mechanism is the activation of pattern
67recognition receptors (PRRs) such as toll-like receptors (TLRs) in
68antigen-presenting-cells (APCs) [7]. For example, TLR 3 recognizes
69double-stranded (ds) RNA and activates the TRIF-dependent path-
70way, which leads to the induction of type I interferon [8,9].
71One example of adjuvants acting via TLR 3 is polyinosine–poly-
72cytidylic acids (polyI:C), which are synthetic dsRNAs available in
73different molecular weights [9]. Similarly, TLR 7/8, which is highly
74homologous to TLR9, recognizes several synthetic imidazoquinoli-
75nes and induces several inflammatory cytokines like interferon
76alpha [8,10]. The natural ligands of the TLR 7/8 family remain
77unclear. The adenine analog CL264 is a resiquimod analogue
78recognized by TLR 7/8 and is functionalized by a carboxy group
79for chemical conjugation [11–13].
80Upon administration of TLR agonists, like the above mentioned
81vaccine adjuvants, antigen presenting cells (APCs) such as dendritic
82cells (DCs) are activated, which leads to DC maturation. The matu-
83ration process can be described by several factors. For example, a
84loss in phagocytic capacity, an increased expression of major histo-
85compatibility complex (MHC) molecules, the production of cytoki-
86nes, and the up-regulation of co-stimulatory molecules including
87CD80, CD83, and CD86. The co-stimulatory molecules play an
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88 important role in the immune response and indicate DC activation
89 [14].
90 Besides adjuvants, particulate vaccine delivery vehicles are used
91 to efficiently protect and deliver antigens or TLR ligands to APCs.
92 TLR 3 and TLR 7/8 are intracellular receptors, which require a
93 cellular delivery of TLR ligands. For this reason, numerous particu-
94 late vaccine delivery vehicles such as liposomes [15], microparti-
95 cles [16], nanoparticles [17], immune stimulating complexes
96 (ISCOMs) [18–20], and virus-like particles (VLPs) [21] have been
97 used as vaccine delivery vehicles in order to mimic pathogens.
98 These particulate vaccine delivery vehicles mimic pathogens in
99 size [22], charge [23], surface chemistry [24], and shape [25,26].

100 Particle shape has recently been identified to influence particle
101 uptake into different immune cells. Champion and Mitragotri
102 showed that an elongated particle shape reduces the incidence of
103 particle phagocytosis into macrophages [27]. In addition, different
104 pathogens such as Escherichia coli or Aeromonas hydrophila display
105 an elongated shape [28]. It is still unclear whether a non-spherical
106 particle shape could influence the activation of immune cells.
107 The response of the immune system to an antigen depends on
108 processing and presentation of the antigen by APCs. Vaccine deliv-
109 ery vehicles are used to enhance the uptake into APCs and thus
110 promote efficient antigen presentation. The overall efficiency of a
111 vaccine delivery vehicle is a complex interplay of the physical
112 and chemical vaccine delivery vehicle properties and is further
113 boosted in a combination with an adjuvant [29]. Consequently,
114 the synergistic combination of adjuvants and a vaccine delivery
115 vehicle represents a promising strategy to enhance immunogenic-
116 ity of subunit vaccines [5,30].
117 Despite the progress in understanding the effect of adjuvants
118 and particulate vaccine delivery vehicles, little is known about
119 potent combination of different adjuvants and vaccine delivery
120 vehicles, which are promising concepts to boost the immunogenic-
121 ity of vaccines [31]. In particular, a comparison of different molec-
122 ular weight polyI:Cs and TLR 7/8 adjuvants has not been reported.
123 Zhou et al. compared a soluble low molecular weight and a soluble
124 high molecular weight polyI:C. The high molecular weight polyI:C
125 promoted a stronger immune response than the low molecular
126 weight polyI:C in vitro [32]. Nevertheless, the two different
127 polyI:C forms have not been compared in combination with differ-
128 ent particulate vaccine delivery vehicles to further boost their
129 immune stimulatory potential. Micro- and nanoparticles have
130 clearly proven their ability as vaccine delivery vehicles, however
131 the preferred size and shape are still debated [22].
132 In this study, we compared two different molecular weight
133 polyI:C TLR 3 ligands, as well as the TLR 7/8 CL264 adenine base
134 analogue. In addition, we adsorbed the above mentioned adjuvants
135 to differently sized and shaped polystyrene particles. All adjuvant
136 samples were then applied to the DC line JAWSII and tested for
137 their potential to stimulate the DCs. JAWSII stimulation was fol-
138 lowed by flow cytometry measurements of the co-stimulatory
139 molecules CD83 and CD86.

140 2. Materials and methods

141 2.1. Micro- and nanoparticles

142 Fluorescently (FITC) labeled (excitation 460/emission 500) and
143 label free 150 nm and 2 lm polystyrene particles were purchased
144 from Phosphorex (Hopkinton, Ma, USA).

145 2.2. Non-spherical micro- and nanoparticle fabrication

146 The film stretching method established by Champion et al. [33]
147 was used to stretch spherical 150 nm and 2 lm polystyrene

148particles to elliptical particles with tailored aspect ratios as men-
149tioned earlier [34]. In brief, spherical particles were incorporated
150into a polyvinyl alcohol 40–88 (PVA) film (Sigma–Aldrich,
151Steinheim, Germany). PVA 40–88 (10% w/v) was dissolved in
152highly purified water at 80 �C. Then, 2% of glycerol (Sigma–
153Aldrich, Steinheim, Germany) and spherical polystyrene particles
154(0.2% w/v) were added to this solution. The mixture was dried at
155room temperature for 4 days in 4 � 6 cm molds until a flexible film
156was formed. The PVA film was cut into 2 � 3 cm pieces and fixed in
157an in-house built film-stretching device. The 2 cm long PVA – film
158including the spherical polystyrene particles was stretched to the
159length of 6 cm in a silicone oil bath at 120 �C at a stretching speed
160of 2 cm per minute. Afterward, the stretched PVA film was cooled
161down to room temperature and washed with 100% isopropanol
162(Sigma–Aldrich, Steinheim, Germany). Finally, the PVA films were
163first washed in 100% isopropanol and then dissolved in highly puri-
164fied water to recover the non-spherical particles. The recovered
165particles were washed 5 times in highly purified water.
166Non-spherical particles stretched to three fold of their original
167length are referred to as 3X stretched particles. To ensure compa-
168rability, the spherical particles used in the following in vitro study
169were treated in the same manner but without stretching the PVA
170film.

1712.3. Scanning electron microscopy (SEM)

172Particle morphology was confirmed using a Joel JSM 6500F
173scanning electron microscope (Joel Ltd, Tokyo, Japan). Spherical
174and non-spherical particles were applied to a filter paper and
175attached to self-adhesive tape on aluminum scanning electron
176microscope stubs. Afterward, the samples were sputtered with car-
177bon. SEM image collection was performed at 8000� magnification
178for the nanoparticles and 2000� magnification for the microparti-
179cles. The aspect ratio of the 3X stretched micro- and nanoparticles
180was calculated using the SEM images (20 particles measured per
181group). This test setup has shown good correlation to high
182throughput methods in previous studies [35]. The Inca software
183(Oxford instruments, Oxfordshire, UK) was utilized to process
184image acquisition data.

1852.4. Light obscuration measurements

186Microparticles were measured by light obscuration (LO) utiliz-
187ing a SVSS-C system (PAMAS, Partikelmess- und Analysesysteme
188GmbH, Rutesheim, Germany). All microparticle batches were ana-
189lyzed in triplicates. The measuring volume was set to 0.3 ml and
190the pre-run volume was set to 0.5 ml. The system was cleaned with
191highly purified water until the particle count was less than 25
192counts/ml between each measurement.

1932.5. Dynamic light scattering

194Nanoparticles were analyzed using a Malvern Zetasizer Nano ZS
195(Malvern, Herrenberg, Germany). Each sample was measured in
196triplicates; each triplicate was performed with 11 sub-runs at
19724 �C. 400 ll of the polystyrene particle suspensions was measured
198in a poly(methylmethacrylate) cuvettes (Brand, Wertheim,
199Germany) with a path length of 12.5 mm. Particle size was
200measured in water or culture media. Particle zeta potential was
201measured in water including 10 mM sodium chloride. The particle
202concentration was always 0.06 mg/ml. Size, zeta potential, and
203polydispersity index (PDI) were calculated using the Malvern
204Dispersion Technology software (version 4.20, Malvern,
205Herrenberg, Germany).
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