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Abstract

This study aims at assessing the effect of particle size on vaccine 
immunogenicity using human whole peripheral blood mononuclear 
cells (PBMCs). To this end, influenza subunit vaccine and Hepatitis B 
virus surface antigen (HBsAg) were coupled to polystyrene particles 
of 0.5 and 3.0 μm. Microscopic analysis confirmed the uptake of plain 
particles, particles conjugated with influenza subunit vaccine as well as 
plain influenza subunit vaccine by dendritic cells. When looking at T cell 
responses of PBMCs stimulated with the different vaccine formulations, 
influenza subunit vaccine coupled to 3.0 μm but not 0.5 μm particles 
induced slightly higher immune responses reflected in higher numbers 
of CD8+ and CD4+ cells producing cytokines and higher total amounts of 
cytokines than plain influenza subunit vaccine. Overall, particle size did not 
have an effect in the skewing towards a TH1 or TH2

- like response. Furthermore, 
coupling of hepatitis B with particles did not affect the magnitude of the 
immune response. Our results show that particle size seems to be of minor 
importance for antigen uptake by APCs and the capacity of a vaccine to 
stimulate T cells in a human PBMC-based in vitro system.

Keywords: microparticles, nanoparticles, subunit vaccine, influenza, 
hepatitis, particulate delivery systems, in vitro, DCs, PBMCs
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Introduction 

Ever since the introduction of vaccines for protection of the general 
population, vaccinologists have tried to improve the safety and tolerability 
of vaccines, yet, often on the expense of immunogenicity. Successful 
highly immunogenic and efficient formulations like live attenuated (LA)- 
and whole inactivated (WI)-vaccines have been associated in the past with 
the risk of mutations that can lead to restoration of virulence in the case 
of LA-vaccines [1] or with the induction of adverse side effects like fever in 
case of both LA- and WI-vaccines  [2–4]. Safety is the foremost requirement 
for vaccines since they are given to healthy, often very young individuals. 
Hence, alternative vaccines like subunit formulations have been introduced 
to circumvent unwanted side effects [5]. Subunit vaccines only consist of 
the antigen(s) for which an immune response must be elicited; thus, they 
have a better safety profile but are also less immunogenic due to their lack 
of pathogen associated molecular patterns (PAMPs) [6]. 

An important challenge in vaccine development is therefore to develop 
vaccines that are safe but also immunogenic enough to elicit a strong 
and long-lasting immune response [7]. Improved immunogenicity of 
subunit-based vaccines can, amongst other strategies, be reached by the 
application of particulate delivery systems. Particulate delivery systems 
can act as adjuvants to improve vaccine immunogenicity by mimicking 
the physical characteristics of the pathogen, e.g. their size, surface charge, 
shape and rigidity [7,8]. A proper induction of the immune response is 
related to the ability of an antigen to be internalized by and to stimulate 
antigen presenting cells (APCs), which is needed for the processing and 
presentation of antigens to T cells [13]. In this regard, size plays an important 
role since particulate delivery systems can easily be taken up by APCs 
when their sizes are similar to those of pathogens; thereby enabling a 
more efficient antigen delivery.  Rationally, small-sized particles are more 
effective than bigger ones, simply because they can be internalized faster 
as they can permeate biological barriers easier and have a longer half-life 
in the blood circulation. However, with regard to immunization, reports 
show conflicting results on the optimal antigen size for the induction of an 
efficient and long-lasting immune response, with claims favoring optimal 
effects of small particles over bigger ones and vice versa [9–14]. Yet, the 
mentioned studies were performed in animal models which have shown 
not always to be predictive for the human situation [15–17]. For this reason, 
evaluation of vaccine candidates using a human in vitro cell system is 
indicated in order to define optimal particle size for human vaccines. 

Some studies have exploited human cell lines, representing e.g. monocytes 
(THP-1), macrophage (RAW264.7), and DCs (JAWSII), to assess immune 
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responses to particulates in vitro [18-20]. In addition, a limited number of 
studies used human primary cells (i.e. whole peripheral blood mononuclear 
cells (PBMCs), DCs or T cells) [24–26]. Some of these studies have assessed the 
effect of particle size on antigen uptake by human APCs, but evaluation 
of downstream responses, like T cell responses, by using these cell lines is 
obviously impossible. PBMCs are an ideal model to study immunological 
responses as they can better recapitulate the human situation than cell 
lines and contain T cells. Moreover, the use of unfractionated PBMCs allows 
important crosstalk between different immune cells which is not possible 
when using cell lines as they represent one specific cell type. However, to 
our best knowledge, the effect of particle size on the immune response of 
human PBMCs in vitro has not been elucidated before.

Therefore, in the present study, we formulated and characterized influenza 
subunit and hepatitis B surface antigen (HBsAg) vaccine coupled to 
polystyrene nanoparticles (0.5 µm) and microparticles (3.0 µm). We then 
determined whether plain and influenza subunit vaccine conjugated 
particles were taken up by human dendritic cells, after which we used a 
system based on unfractionated cultures of PBMCs to assess the effects 
of antigen-coupling to nano- and microparticles on downstream immune 
responses i.e. T cell responses in vitro. To this end, influenza and hepatitis 
B surface antigen (HBsAg) subunit vaccines were used unconjugated or 
covalently coupled to 0.5 and 3.0 μm polystyrene particles. We found that 
influenza subunit vaccine conjugated microparticles (3.0 μm) and not 
nanoparticles (0.5 μm) modified the magnitude of the immune response 
by increasing the number of CD8+ and CD4+ cells producing cytokines and 
the total amount of cytokines, compared to the plain influenza subunit 
vaccine. However, the differences in T cell responses between micro- and 
nanoparticles were small. Furthermore, coupling of HBsAg subunit vaccine 
to micro- or nanoparticles did not improve the magnitude of the immune 
response. Apparently, particle size seems to be of minor importance for 
antigen uptake by APCs and the capacity of a vaccine to stimulate T cells 
in a human PBMC-based in vitro system.

Methods

Influenza subunit vaccine production
For the production of influenza subunit vaccine Tween 80 (0.6 mg/ml) 
and cetrimonium bromide (3.0 mg/ml) were added to whole inactivated 
influenza virus vaccine with a total protein concentration of 0.8 mg/mL (X-31, 
a conventionally produced reassortant of A/Aichi/68 (H3N2) and A/PR/8/34, 
NIBSC, Potters Bar, UK) and the suspension was slowly rotated for 3 hours 
at 4 °C. The suspension was then centrifuged at 50,000 rpm [TLA100.3 
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rotor] for 0.5 hour at 4 °C to remove the nucleocapsid. After transferring the 
subunit containing supernatant, detergents were removed by adding 634 
mg/ml Amberlyte X AD-4 (sigma) biobeads to the supernatant followed 
by overnight incubation under slow rotation at 4 °C. Protein content was 
determined using the Lowry assay [27]. 

Conjugation of antigen to 3.0 and 0.5 µm particles

Non-fluorescent particles for in vitro PBMC stimulation
Coupling of influenza subunit or HBsAg (Serum Institute of India 
Ltd. Pune, India) vaccine to polystyrene particles was performed by 
following manufacturer’s instructions. In duplicate 3.0 or 0.5 µm amino-
functionalized particles (approximately 0.84 x 109 and 182 x 109 particles, 
respectively, Polysciences Europe GmbH, Germany) were incubated 
in 0.5 mL aqueous 8% (vol/vol) glutaraldehyde for 4 hours at room 
temperature. After centrifugation of the particles at 350g for 6 minutes, 
the glutaraldehyde containing supernatant was discarded and 200 
µg influenza subunit vaccine or HBsAg were then conjugated to the 
pre-activated particles in 1 mL PBS 1x by slowly rotating the suspension 
overnight at room temperature. After centrifugation of the conjugated 
particles at 350g for 6 minutes, the supernatant was carefully collected 
to determine protein content using Lowry assay. Results of the Lowry 
assay were used to calculate the binding efficiency. To block unreacted 
sites, the conjugated particles were resuspended in 1 mL of 0.2 M 
ethanolamine and slowly rotated for 30 minutes at room temperature. 
After removal of the ethanolamine by centrifugation at 350g for 6 
minutes, the conjugated particles were resuspended to reach a final 
protein concentration of 10 µg / 10 µL PBS 1X.

Fluorescent particles for in vitro DC stimulation and uptake imaging
Coupling of influenza subunit vaccine to polystyrene fluorescent particles 
was performed based on the manufacturer’s protocol. Fluoresbrite 
Yellow-Green (YG) carboxyl-functionalized polystyrene 3.0 and 0.5 µm 
particles (approximately 0.84 x 108 and 182 x 108 particles, respectively, 
Polysciences Europe GmbH, Germany) were incubated in the presence 
of 190 µL 2% (w/v) carbodiimide in Polylink Coupling Buffer (50 mM 
MES, pH 5.2, 0.05% Proclin 300) for 15 minutes at room temperature. 
20 µg influenza subunit vaccine in 0.1 mL of PBS 1x was then added 
and conjugated to the pre-activated particles by slowly rotating the 
suspension overnight at room temperature. After centrifugation of the 
conjugated particles at 350g for 6 minutes, the conjugated fluorescent 
particles were resuspended in 50 µL PBS 1X for in vitro DC stimulation 
and uptake imaging.
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Determination of size and zeta potential
The hydrodynamic diameter (dh), polydispersity percentage and zeta 
potential of the 0.5 µm non-fluorescent conjugated particles were 
determined by a Mobius zeta potential and dynamic light scattering 
detector connected with an Atlas cell pressurization system (Wyatt 
Technology, Santa Barbara, USA). Approximately 200 µL of conjugated 
particles (50 times diluted in PBS 1x) was injected in triplicate into the 
Mobius cell via the Atlas injection port. To minimize air bubbles, the sample 
containing Mobius cell was pressurized with approximately 15 Bar by the 
Atlas system. The hydrodynamic diameter and electrophoretic mobility 
were determined simultaneously using a laser with a wavelength of 532 
nm and a detector angle of 163.5°. At least five scans were performed with 
an acquisition time of five seconds. Each measurement was repeated for 
at least four times. The zeta potential was derived from the electrophoretic 
mobility (Smoluchowski model) using the Dynamics software.

Laser diffraction analysis
The geometrical particle size (dg) of the non-fluorescent 3.0 µm particles 
was determined by laser diffraction analysis. In brief, 20 µL of 3.0 µm 
particles suspension (approximately 1.68 x 109 particles/mL) was dispersed 
in triplicate, under stirring, in 45 mL of ultrapure water in a 50 mL quartz 
cuvette. A parallel beam laser diffraction set-up (Helos/BF, Sympatec 
GmbH, Clausthal-Zellerfeld, Germany) with a 100 mm lens (range: 0.5/0.9–
175 μm) recorded three single 10 second measurements with a 50 s pause 
in between. The mean geometric particle size was calculated according to 
the Fraunhofer diffraction theory using the manufacturer’s software. 

Labeling protocol of influenza subunit vaccine
In order to be able to track subunit vaccine, without it being attached to any 
particles, we made use of the imaging dye Vivo-tag 680 XL (PerkinElmer 
Inc., Boston, MA, USA). Its emission and excitation spectra does not overlap 
the other dyes used and previous literature had shown its suitability for 
in vitro studies [28]. The subunit vaccine was labeled according to the 
manufacturer’s protocol. In brief, 200 µL of subunit vaccine (360 µg/mL 
in PBS) and 20 µL of 1M NaHCO3 solution (pH 8.3) were added to 1.6 µL 
of dye (2.5 mg/mL in DMSO). The mixture was protected from light and 
incubated at room temperature for 2 hours under shaking conditions. In 
order to remove residual, unbound dye, Zeba™ Spin Desalting Columns 
(Thermo Fisher Scientific, Rockford, IL, USA) were used following the 
manufacturer’s protocol. The amount of dye bound to the vaccine was 
determined by measuring the wavelengths at 250 nm for the protein and 
668 nm for the dye. Subsequently, the value found at 668 nm was corrected 
by the 668 nm background value of unlabeled subunit. In order to adjust 
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the values for fluorophore crosstalk, 16% of the background-adjusted 
absorbance value at 668 nm was subtracted from the absorbance value at 
280 nm as per manufacturer’s protocol. It was found that on the average, 
4.29 molecules of dye were bound to each protein molecule.

Monocyte seeding and DC differentiation
Cryo-preserved PBMCs, that were isolated from buffy coats obtained from 
the Dutch blood bank (Sanquin, Nijmegen, The Netherlands), were thawed 
at a density of 40-50 million cells per mL according to standardized in-
house procedures, as described previously [29]. Monocytes were isolated 
from PBMCs by adherence; for this 2x106 cells resuspended in 1 mL medium 
(RPMI, 10% FCS, 1% p/s) were added to fetal calf serum (FCS)-treated wells 
(24 well-plate; Corning Inc., Corning, NY, USA) containing pre-rinsed and 
autoclaved Menzel™ coverslips with a diameter of 12 mm (Thermo Fisher 
Scientific). After 2 h, the wells were extensively washed with RPMI to remove 
non-adherent cells. As the percentage monocytes of PBMCs is estimated 
to be between 7-15% [30], approximately 140,000 monocytes per well were 
obtained after washing (assuming 7% monocytes which all adhered). 
The cells were cultured at 37 ˚C, 5% CO2 in RPMI-1640 medium (Gibco 
Life technologies Co., Carlsbad, CA, USA), containing L-glutamine and 
HEPES, supplemented with 10% FCS and 1% penicillin/streptomycin. For 
differentiation into monocyte-derived dendritic cells (MoDCs), monocytes 
were cultured for 6 days at 37 ˚C, 5% CO2 with media supplemented with 
500 U/mL IL-4 and 450 U/mL GM-CSF (ProSpec-Tany TechnoGene Ltd., 
Ness-Ziona, Israel), fresh cytokines were added every 2 days.

Visualization of particle and antigen uptake by monocyte-derived 
dendritic cells
On day 6, fluorescently labeled particle- and plain influenza subunit vaccine 
preparations were added to the MoDCs as follows. After discarding 300 µL 
of medium from each well of the 24 well plate, 10 µL of the 0.5 and 3.0 
µm influenza subunit vaccine conjugated particle preparations and 62.5 
µL (5 µg) of plain influenza subunit were pre-mixed into 300 µL of medium 
before adding the suspensions to the corresponding wells. As a control, 1 
µL of plain 0.5 and 3.0 µm particles from the stock was added to the control 
wells. The final number of antigen-conjugated and plain particles of 0.5 
and 3.0 µm per well was 364 x 107 and 1.68 x 107 particles (approximately 
5 µg of influenza subunit vaccine), respectively, in a total volume of 500 
µL per well. After adding the particle combinations, all conditions were 
mixed carefully by pipetting up and down in the wells. The plate was then 
incubated for 20-24 hours at 37   ̊C with 5% CO2.

In order to visualize vaccine and particle uptake, the cells were fixed using 
4% formaldehyde in PBS (Alfa Aesar, Haverhill, MA, USA) and stained with 
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Phalloidin-iFluor 594 (Abcam, Cambridge, United Kingdom) to visualize 
actin filaments followed by staining with Hoechst 33342, Trihydrochloride, 
Trihydrate (Invitrogen™, Carlsbad, CA, USA) to visualize the nuclei. All 
staining procedures were performed by following the manufacturer’s 
protocols.  

After staining, the coverslips were mounted face down onto glass slides 
(Waldemar Knittel Glasbearbeitungs GmbH, Braunschweig, Germany) 
using 2.5 µL of SlowFade™ Diamond Antifade mounting medium 
(Invitrogen). In order to visualize the uptake of the particles, wide field 
fluorescence microscopy was applied using a Deltavision™ Elite high-
resolution fluorescence microscope (GE Healthcare UK Ltd., Little Chalfont, 
UK) equipped with a 60x oil immersion objective. Data acquisition was done 
using the system-integrated GFP/mCherry filter setting in combination 
with the Deltavision SoftWoRx™ 6 acquisition and deconvolution software 
(GE Healthcare UK Ltd). The data was subsequently analyzed and processed 
using FIJI imaging software [31]. 

Evaluation of vaccine effects on T cells
Freshly thawed PBMCs were seeded at a density of 1 x 106 in 1 mL of RPMI-
1640 medium (L-glutamine, HEPES) supplemented with 10% FCS, 1% 
penicillin/streptomycin and rested overnight. Cultures were maintained 
at 37 °C, with 5% CO2.  On day 1, cells were stimulated with different 
vaccine formulations (see Table 1). For influenza subunit vaccine, 10 μg 
corresponding to HA in a total volume of 10 μL was added to the seeded 
cells. For hepatitis, 10 μg corresponding to HBsAg in a total volume of 10 μL 
was used. On day 5, 50% of the medium was refreshed and on day 10, cells 
were harvested to assess T cell responses by flow cytometry. 12 h before 
harvesting, 10 μg/mL of Brefeldin A (eBioscience) were added as a protein 
transport inhibitor.

Cells were harvested with FACS buffer (1× PBS supplemented with 2% FCS 
and 1 mM EDTA) and then stained for viability (Viobility 405/450, Miltenyi 
Biotec) for 15 min at room temperature. Washed cells were then fixed 
and permeabilized with BD Cytofix/Cytoperm Kit (BD Biosciences) used 
according to the manufacturer’s instructions. Next, intracellular staining 
was performed using the following fluorescently labeled antibodies: 
anti-IFNγ-FITC, anti-TNFα-PE and anti-IL10-APC. Cells were then washed 
and stained for surface markers with the following fluorescently labeled 
antibodies: anti-CD3-Pacific Blue, anti-CD4-APCCy7 and anti-CD8-
PerCPCy5 (all from Miltenyi Biotec). Cells were acquired with a FlowLogic 
(Miltenyi Biotec).
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Table 1. Conditions used for PBMC stimulation

Pathogen Particles

Influenza -

0.5 µm particles

3.0 µm particles

Hepatitis B -

0.5 µm particles

3.0 µm particles

- 0.5 µm particles

- 3.0 µm particles

Results and Discussion 

Conjugated particle size, zeta potential and coating efficiency
After the conjugation of influenza subunit and hepatitis B surface antigen 
(HBsAg) vaccine to polystyrene nanoparticles (0.5 µm) and microparticles 
(3.0 µm) we set out to measure size and zeta potential of conjugated 
and plain particles. Dynamic light scattering (DLS) analysis showed 
that the hydrodynamic size of the non-conjugated 0.5 µm particles was 
approximately 500 nm in diameter (dh = 502 ± 5.4 nm). After conjugation 
with influenza subunit vaccine the hydrodynamic diameter of the 
particles increased (dh = 642 ± 10 nm), a similar effect was observed after 
conjugation with HBsAg (dh = 596 ± 9.1 nm). Furthermore, laser diffraction 
analysis showed that the size of the non-conjugated particles was indeed 
approximately 3.0 µm in diameter (dg = 3020 ± 0 nm). After conjugation 
with influenza subunit vaccine the geometrical diameter of the conjugated 
particles increased slightly (dg = 3100 ± 0 nm). A similar effect was observed 
with HBsAg (dg = 3160 ± 0 nm) (Figure. 1a). 

The zeta potential determines the magnitude of the electrostatic repulsion 
between particles and is known to be one of the most important factors 
that affects colloidal stability. As a rule of thumb, colloidal formulations are 
considered stable when the zeta potential is lower than -30 mV or higher 
than + 30 mV [32]. Non-conjugated 0.5 µm polystyrene particles showed a 
negative zeta potential (Z = - 49 ± 0.90 mV). After conjugation with influenza 
subunit or HBsAg vaccine the negative zeta potential decreased (Z= - 37 ± 
0.82 mV and Z = - 36 ± 0.41 mV, respectively) (Figure. 1b). Therefore, these 
results suggest that under the isotonic conditions used (PBS 1x), stable 
colloidal formulations were formed. Indeed, no signs of aggregation were 
observed during storage. In addition, the polydispersity percentage of each 
sample determined by DLS was 0%, which indicates that the particles size 
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distribution was very small. The zeta potential of the 3.0 µm particles could 
not be determined due to settling of these relatively big particles.

Furthermore, antigen coating efficiency was found to be higher for 
the 3.0 µm particles than for 0.5 µm particles. The difference between 
influenza subunit and HBsAg vaccine conjugated particles was minimal. 
For influenza subunit vaccine the amount of subunit coupled per surface 
area was 1.20 ± 0.14 µg/µm2 and 5.90 ± 0.48 µg/µm2 for the 0.5 and 3.0 
µm particles, respectively. For HBsAg the amount of subunit coupled 
per surface area was 0.92 µg/µm2 and 4.63 µg/µm2 for the 0.5 and 3.0 µm 
particles, respectively. The amount of HBsAg was limited so no duplicate 
could be determined.

Visualization of vaccine uptake
In order to investigate whether our influenza subunit vaccines had been 
taken up by dendritic cells, cells which had been exposed to the different 
formulations were investigated by wide field fluorescence microscopy. 
Figure 2a-c show that plain influenza subunit vaccine as well as influenza 
subunit vaccine conjugated to particles of 0.5 µm and 3.0 µm were all 
internalized by dendritic cells. In addition, no visual difference in uptake 
could be observed between plain particles and particles conjugated with 
influenza subunit vaccine (Figure 2e).

Figure 1. Diameter (a) and zeta potential (b) of polystyrene particles without and with 
conjugated influenza (Flu) or hepatitis B surface antigen (Hep). The average hydrodynamic 
diameter and zeta potential of the 0.5 µm conjugated particles were determined by a Mobius 
zeta potential and DLS detector. The average geometrical diameter of the 3.0 µm beads was 
determined by a Helios/BF parallel beam laser diffraction set-up (n=3, mean ±SD).
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In vitro stimulation of PBMC’s
Unfractionated PBMCs were stimulated with plain and particle-
conjugated vaccines or the unconjugated particles for 10 days and 
harvested thereafter for flow cytometric analysis. With this approach we 
were aiming at assessing the ability of the different vaccine formulations 
to stimulate antigen-specific T cells to become activated and induce 
cytokine expression. When testing the plain influenza subunit vaccine, we 
observed that this formulation elicited the activation of antigen-specific T 
cells. This was reflected in significantly higher frequencies of CD4 and CD8 
T cells-producing IFNγ (Figure 3a), TNFα (Figure 3b and 3h) and IL-10 (Figure 
3i) than in mock stimulated cell cultures (plain particles). As an additional 
metric we also looked at the integrated median fluorescence intensity 
(iMFI), which represents the total amount of cytokine being produced. For 
this metric, we also observed higher amounts of IFNγ (Figure 3d) and TNFα 

Figure 2. Uptake of nano- and 
microparticles and of plain influenza 
subunit vaccine by dendritic cells. MoDCs 
were incubated for 20-24 hours at 37  ̊C (5% 
CO2) with fluorescently labeled plain (a, c) 
or influenza subunit vaccine-conjugated 
(b, d) particles with a diameter of 0.5 µm 
(a, b) or 3.0 µm (c, d) or with fluorescently 
labeled influenza subunit vaccine (e). Cells 
were then fixed, stained for filamentous 
actin and for nuclei and examined using 
a Deltavision™ Elite high-resolution 
fluorescence microscope. Actin filaments 
are shown in green, the nucleus in blue, 
and the particles or the subunit vaccine in 
red. Bar = 10 µm.

A. B.

C.
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Figure 3. T cell responses upon stimulation with influenza subunit coupled to nano- 
and microparticles. Human PBMCs were stimulated with plain influenza subunit vaccine 
(Flu), influenza conjugated to 0.5 µm particles (Flu-0.5μm) or influenza conjugated to 3.0 
µm particles (Flu-3μm). After 10 days, cells were harvested and evaluated by multicolor flow 
cytometry. Depicted are the frequencies of IFNγ-, TNFα-, and IL-10-producing CD4 (a-c) and 
CD8 (g-i) T cells and the respective iMFIs (d-f and j-l, respectively). Each symbol represents 
one donor (n=6). Statistics were analyzed using a one-way ANOVA, followed by a Tukey test. 
Significant differences (p < 0.05) between bead-conjugated vaccines (0.5 μm and 3.0 μm) and 
plain particles were represented with #.

(Figure 3e and 3k) in the CD4 and CD8 T cells in vaccine-conjugated than 
in mock stimulated cell cultures. Influenza subunit vaccine conjugated to 
3.0 μm particles induced a higher number of CD4 T cell producing cells 
and total amount of IFNγ (Figure 3a), TNFα (Figure 3b) and IL-10 (Figure 
3c) than plain influenza subunit vaccine, these differences were however 
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not significant. In the CD8 T cell subset we observed a similar trend, where 
the influenza subunit vaccine conjugated to 3.0 μm elicited significantly 
higher numbers of cytokine-producing T cells and also higher amounts 
of IFNγ (Figure 3g) and TNFα (Figure 3h) than plain influenza subunit 
vaccine. Overall, influenza subunit vaccine conjugated to 3.0 μm particles-
treated cells induced higher cytokine levels than influenza subunit vaccine 

Figure 4. T cell responses upon stimulation with HBsAg coupled to nano- and micro-
particles. Human PBMCs were stimulated with plain subunit hepatitis (Hep), hepatitis 
conjugated to 0.5um particles (HepB-0.5µm) or hepatitis conjugated to 3.0 µm beads (HepB-
3µm). After 10 days cells were harvested and evaluated by multicolor flow cytometry. Depicted 
are the frequencies and the iMFIs of IFNγ, TNFα, and IL-10 CD4 and CD8 T cells. Each symbol 
represents one donor (n=6). Statistics were analyzed using a one-way ANOVA, followed by a 
Tukey test. Significant differences (p < 0.05) between bead-conjugated vaccines (0.5 µm and 
3.0 µm) and plain particles were represented with #.
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conjugated to 0.5 μm particles. However, these differences were not 
significant for the CD8 T cell subset. When comparing the latter with plain 
influenza subunit vaccine the effect was similar or lower (Figure 3g and 3j). 
Overall, stimulation with influenza subunit vaccine conjugated to 0.5 or 3.0 
μm did not favor the induction of a TH1 or TH2 phenotype.   

The T cell response to the HBsAg vaccine, as such or coupled to 0.5 or 3.0 
μm particles, was generally lower than the one to the influenza subunit 
vaccines (Figure 4). For the CD4 T cell subset, HBsAg conjugated to 3.0 μm 
particles induced a small increase in the number of TNFα (Figure 4b) and 
IL-10 (Figure 4c) producing cells as compared to the plain HBsAg vaccine. 
In the CD8 T cell subset, there was no significant increase in the number of 
cytokine-producing cells, however, we could observe a small trend towards 
a higher response in the amount of IFNγ (Figure 4j) being produced. In 
general, HBsAg conjugated to 0.5 μm particles stimulated the PBMCs very 
poorly and as a result, cytokine induction was similar or even lower than 
the induction resulting from stimulation with plain HBsAg. 

Overall, all the HBsAg vaccines induced relatively higher cytokine levels 
than those induced by the plain particles, however, to a much lower extent 
than previously observed for the influenza subunit vaccines. This could 
be related to the nature of the antigens. We hypothesized that most of 
the PBMC donors used in our experiments have encountered at least one 
influenza infection or have been vaccinated against influenza and thus 
their PBMCs contain influenza-specific memory T cells. This hypothesis is 
supported by the fact that in previous experiments with influenza vaccine 
the vast majority of the responding T cells were carrying the memory T 
cell marker CD45RO [33]. In the case of HBsAg, most likely our donors had 
neither been infected with hepatitis B virus nor had they been vaccinated 
against it. Given this lack of pre-existing immunity, we expected a lack 
of antigen-specific memory T cells that could be easily activated and 
expanded during the in vitro culture; and hence lower responses than to 
influenza subunit vaccine.  

Previous studies on particulate delivery systems have evaluated the effect 
of vaccine particle size on the immune response in animal models [11,13,34–

36]. Although these studies provided important insights into the effect of 
different size ranges of particulate delivery systems on successful antigen 
delivery in vivo,  the available reports have yielded conflicting results as 
to the optimal size for induction of an effective immune response [11,13,34–36]. 
Here we focused on cellular responses as they are a key parameter in the 
protection against viral infections. Our results show that influenza subunit 
vaccine conjugated to 3.0 µm particles (and not 0.5 µm particles) induced 
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higher (but not significant) levels of IFNγ, TNFα and IL-10 than the plain 
influenza subunit vaccine. Overall, differences observed in the magnitude 
of the response induced by influenza subunit vaccine coupled to 0.5 and 
to 3.0 µm particles depicted a trend towards higher responses, however, 
this trend was not significant. Mann and colleagues demonstrate that 
microparticles (1-2.5 µm) containing influenza hemagglutinin are more 
potent than nanoparticles (~0.1 µm) in stimulating antibody responses, 
IgG2a in particular, and IFNγ-producing T cells upon oral immunization 
of mice [35]. In another study by Kanchan et al., it was claimed that 
microparticles-based vaccines (2-8 µm) induce better antibody responses 
to HBsAg than nanoparticles (0.2-0.6 µm) [13]. However, in contrast to our and 
the above cited results, in the study by Kanchan et al., nanoparticles elicited 
higher levels of cytokine production than the microparticles. Interestingly, 
Kanchan and colleagues using a murine macrophage cell line demonstrate 
that nanoparticles are taken-up by APCs while microparticles only attach 
to the cells. Accordingly, they claim that nanoparticles have the ability to 
deliver antigens intracellularly and thus favor cellular immune responses 
(reflected in higher IFNγ) as opposed to microparticles. Yet, this is in 
contrast to our results where the microparticles induced higher IFNγ levels 
than the nanoparticles. In line with this, our uptake experiments revealed 
that particles of both sizes could be internalized. A possible explanation for 
the discrepancy in the results may lay in the fact that Kanchan et al. used a 
murine macrophage cell line while we used human primary MoDCs.

Some studies have attributed the induction of TH1-like responses to the use 
of nanoparticles while the use of microparticles has been associated with 
TH2-like responses [10,13,36–38]. Apparently, there is disagreement around this 
topic since there is no actual consensus on which size skews the immune 
response toward TH1/TH2 

[35,39,40], In our results, both nano- and microparticles 
induced the production of IFNγ and TNFα (TH1 phenotype). In agreement 
with these results, other studies making use of nanoparticles have shown 
the ability of nanoparticles to successfully activate CD4 T cells responses 
and to induce both TH1 and TH2 responses [8–10].

Different from highly immunogenic formulations like WI vaccines, which 
can be easily sensed and taken up by cells due to their particulate nature 
(and other intrinsic characteristics like presence of pathogen-associated 
molecular patterns), subunit formulations are devoid of such properties 
and thus cannot be easily sensed by APCs leading to poor downstream 
immunogenic responses. In the present study, we aimed at improving the 
magnitude of immune response by modifying soluble influenza and HBsAg 
subunit vaccine formulations into nano- and micrometer sized-particulate 
formulations by covalently coupling them to polystyrene particles of 0.5 
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and 3.0 µm. In our results, we did observe a small yet significant effect of 
particle sizes on the type or magnitude of immune response. Furthermore, 
when comparing the effect of 0.5 and 3 µm vaccines on human PBMCs, 
differences were quite small. Hence, we conclude that size is not the only 
determining factor for the type and magnitude of the immune response. 
Indeed, findings by others demonstrate that charge, surface [21,41], shape 
[42] and rigidity [38,42] can also play an important role for the magnitude and 
phenotype of the induced immune response. Defining the most relevant 
characteristics of vaccine formulations in human primary cells using an 
in vitro approach is required to further increase our understanding of 
the potential and optimal properties of vaccine delivery systems and will 
ultimately allow to improve the immunogenicity of poorly immunogenic 
vaccine formulations like subunit vaccines.
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