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General introduction 
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1 Introduction 

Vaccines

Vaccines are probably one of the biggest triumphs of human medicine; they 
enable a simple yet efficient way to prevent infectious diseases. Vaccines 
are also the most cost-effective way to prevent the spread of diseases 
as vaccinated individuals can halt the transmission of the infection, and 
thus their effect also reflects on a broader community [1]. Vaccination can 
contribute to a large extent to the improvement of health and thereby 
to economic growth [2]. As proof, during the last century, vaccines have 
eradicated and extensively diminished major diseases like smallpox and 
poliomyelitis. They also had a substantial effect on the incidence of other 
diseases like pertussis, tetanus, yellow fever, measles, and, diphtheria. 
And recently, extraordinary successes have been accomplished in the 
prevention of hepatitis (A and B), meningitis and pneumonia which 
resulted in a decrease of mortality caused by these maladies [3]. However, 
vaccine development is a time-consuming and expensive process widely 
known for its trial and error approach. Consequently, many vaccines that 
succeed in animal testing fail in clinical trials; therefore, additional ways to 
screen vaccine candidates before human trials are necessary. 

Recently, systems vaccinology has enabled the identification of early 
innate signatures from blood of vaccinated individuals that can predict 
later immune responses to vaccines [4–6]. This new approach is taking us 
closer to what we would like to call; “a rational vaccine design”. Noteworthy, 
systems vaccinology has demonstrated that responses measured early 
after vaccination in peripheral blood mononuclear cells (PBMCs) are 
predictive of later secondary responses in terms of antibody titers and T cell 
responses. Hence, responses of PBMCs to vaccines could potentially give 
information on immunological properties of the vaccines in more general 
terms. In this thesis, we have used this rationale to establish an in vitro 
platform based on human primary cells to evaluate vaccine candidates 
using influenza vaccine formulations as the model antigen. This in vitro 
system can potentially assist in the selection of promising candidates for 
clinical evaluation. 

Vaccine development 

Vaccine development is a collaborative process comprised of 3 main 
research stages: 1) fundamental research: 2) translational research, and 3) 
clinical evaluation [7]. 

Fundamental research is a critical part of vaccine development, it aims 
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at understanding the mechanism of action of pathogens and how the 
immune system can mount a proper response to prevent the infection. 
Additionally, it deals with the development of reliable animal models, the 
identification and characterization of vaccine targets and finding potential 
key components that can trigger an immune response. 

Translational research turns all the basic concepts into vaccine candidates. 
It also aims at bridging the gap between fundamental research and 
the development of clinical products. This research line includes the 
in vitro and in vivo evaluation of vaccine candidates in a preclinical 
setting, development of assays, safety, toxicity and product optimization. 
Furthermore, it includes the assessment of novel adjuvants required to 
trigger the initial activation of the immune response.   

Clinical evaluation aims at using the knowledge gathered during 
fundamental and translational stages and convert it into products that will 
potentially affect public health. To do this, early clinical trials are performed 
to evaluate novel vaccine candidates for safety, immunogenicity, and 
efficacy. 

Overall, the vaccine development process is long, expensive and risky. 
Multiple aspects are influencing its outcome such as; the limited knowledge 
of the disease and the required immune response, the inadequate design 
of clinical trials for general and also specific populations, and high costs 
of vaccine development. All of these factors can affect the probability of 
a vaccine to move from one phase to the next during the development 
process [8,9] (Figure 1).

Vaccines are commonly considered as the most expensive and risky 
type of drug to be developed. However, a study recently revealed that 
the probability of a vaccine to find the way throughout all the different 
developmental stages up until licensing and marketing is about 0.11%, 
and that of other pharmaceuticals is about 0.12% [10]. From this study, it 
was also concluded that although vaccines have been considered riskier 
investments than other medicines, this is indeed not the case. Only the 
length of the pre-clinical stage appeared to be significantly longer than 
for other medicines [10]. On average, the estimated development time of 
a vaccine is between 8 – 18.5 years (other pharmaceuticals take between 
10 – 12,5 years) with an estimated cost between US$ 200 – 900 million [10–13]. 
As by 2018, the WHO reported 240 vaccines in development of which 
59% were in Phase I, 30% in Phase II and 10% in Phase III [14]. These were 
all vaccines against infectious diseases from which the most common 
targets were influenza, human immunodeficiency virus (HIV), respiratory 
syncytial virus (RSV) and Ebola virus [15]. 
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Relevance of animal models 

Throughout the history of vaccine development, there has been a large 
number of cases in which vaccine candidates succeeded in animal 
experiments but failed in clinical trials. Well-known examples that 
hampered the development of vaccines are the formalin-inactivated 
RSV vaccine [16,17], the recombinant adenovirus 5 vector-based HIV vaccine 
[18–21] and the MVA85A (modified vaccinia Ankara 85A) vaccine against 
Mycobacterium tuberculosis [22]. All of these vaccines managed to succeed 
in Phase I and II clinical trials but failed to meet the efficacy end-points in 
the subsequent Phase IIb and III trials. 

Failure of vaccines questions the relevance of animal models and their 
capacity in mimicking the human setting. Notwithstanding, the use of 
animal models has been paramount in the vaccine development process. 
This is not surprising given the fact that immunological studies using 
mice have yielded impressive insights into the mechanism of action of 
the immune system [23]. Animals are also pivotal in the licensing process of 
new vaccines and lot release testing of commercially marketed vaccines. 
Among the animals used in vaccine development, mice are the most 
important model. From a practical perspective, mice are easy and quick to 
breed, antibodies and reagents are readily available, genome manipulation 
is relatively smooth and compared to larger animals they are economical 
to buy and to house in animal facilities. However, in many other ways, 
there are concerns about the suitability and robustness of this model. 

Figure 1. Probability of success during vaccine development. Numerous vaccine candidates 
are identified during early stages (fundamental and translational stages;  however, when 
vaccine candidates reach clinical trials the number of candidates decreases. The rates 
represent the probability of a vaccine to successfully advance into the next phase.  Adapted 
from BioMedTracker and Amplion and updated from Wong and colleagues [9].

75,8 % 57,1 % 85,1 % 100 %
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Multiple studies have shown vaccine candidates working well in mice but 
failing to achieve comparable responses in humans [24–27]. Hence, although 
the contribution of mice to our understanding of the immune system is 
indisputable, the use of mice as animal model has different drawbacks;  

Immunological and genetic discrepancies 
Differences between mice and humans in the innate and adaptive immune 
system are one of the critical reasons for the poor translation of animal 
experiments into clinical trials. To start, percentages of lymphocytes in 
peripheral blood are estimated to be around 30-50% in humans and in 
mice between 75-90% [28]. There is also evidence of differential responses 
of human and murine macrophages to LPS, driven mainly by the type of 
receptor on each species [29]. Differences in the display of Toll-like receptors 
(TLRs) in terms of their abundance and the cells on which they are being 
expressed [30–32]; the T helper 1 cells (TH1) differentiation in response to type 
I IFN (interferon) in humans but not in mice [33]; and the expression of IL-
10 by TH (T helper) cells, which is limited to TH2 (T helper 2) cells in mice, 
but in humans both TH1 and TH2 can express it [34]. Furthermore, at gene 
level, murine immune inflammatory signatures have shown to poorly 
correlate with that of humans [35]. Animal models cannot also mimic the 
immunological variation that occurs in humans (i.e., variation in availability 
of TLRs, susceptibility to endotoxins, the difference in the ratios of immune 
cell population [6,36,37]).

Mice are not natural hosts of most common human pathogens
Pathogens display strict species-specific tropisms due to host co-
evolution; hence, genetic modifications to mice or the pathogen have to 
be performed to use them as models. These manipulations increase the 
differences from the real infection/disease setting. For example, there are 
different alternatives to overcome the human tropism of viruses. When 
viruses cannot infect animals due to lack of receptors, the use of transgenic 
(Tg) mice expressing human receptors enables a proper infection. This 
technique has been used to generate mouse models for infection of 
several viruses including hepatitis viruses [38], polio virus [39], HIV-1[40], and 
measles [41]. One of the first transgenic (Tg) mouse models was engineered 
for poliovirus (PV), just after the elucidation of its receptor (PVR/CD155) [42]. 
The biggest discrepancy between this model and the human situation is 
the route of infection; in humans PV is transmitted orally, nevertheless, 
oral administration of PV into polio Tg mice does not lead to infection [43]. 
In other cases, human viruses can be adapted in such a way that they 
can infect mice. This approach, however, does not necessarily ensure 
a better translation of experimental findings into the human setting 
because disease kinetics and symptoms are different from those in the 
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thus to enable pathogenesis studies influenza viruses are adapted to mice. 
Adaptation is performed by serial lung-to-lung passages, which results in 
changes in amino acids that can improve receptor binding, replication and 
virulence of the virus in mice [44,45]. Mouse-adapted influenza results in the 
selection of mutants that replicate faster and are more virulent than other 
adapted viruses [46,47].These adapted strains however, may be very different 
from their wildtype counterpart in terms of antigenicity and/or phenotype.  

Animal models do not represent the reality 
Animal experiments are an ideal tool to understand basic immune process. 
One of the main advantages of this approach is the possibility to use 
genetically homogenous (inbred) mice kept under heavily hygienic and 
strict conditions. However, this type or reductionist experiments cannot 
be translated to the human setting, where inter-individual diversity of 
the immune system is an intrinsic process that allows the evolution of 
mechanisms of protection against pathogens [48,49]. Laboratory mice are 
kept under unnaturally hygienic conditions (i.e., specific pathogen-free 
facilities), which has been shown to influence their type of response 
towards stimuli [50–52]. Additionally, they cannot really mirror the immune 
system in humans which has been shaped by the exposition to different 
microorganisms throughout the lifetime. As an example, a study showed 
that by altering the husbandry conditions of laboratory mice to a more 
natural state, immune signatures reflected more closely the situation 
in human adults [52]. Overall, the study showed that T cell frequencies in 
mice were fewer and phenotypically different from those in adult men 
[52]. Others have also highlighted the lack of predictive power of laboratory 
mice for the situation in humans [35,50,51,53]. In an interesting study, Reese 
and colleagues, demonstrated how previous infections can shape the 
responses to vaccines [50]. By infecting SPF mice with common pathogens, 
they described changes in the pre- and post-vaccination gene profiles. 
They additionally compared SPF and pet store mice and found that 
sequential infection of SPF mice recapitulated the gene expression with 
that of the pet shop mice [50].  

A “rational” approach for vaccine development 

Traditionally, the approach to make vaccines involved the identification 
of the etiological agent, its inactivation or attenuation, and its inoculation 
to generate an immune response. However, the complexity of several 
important diseases for which we desperately need protection, like AIDS 
(acquired immune deficiency syndrome), influenza, malaria, dengue, and 
tuberculosis, does not allow this traditional approach [54]. These diseases 
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involve complex microorganisms and/or mechanisms and hence, require 
a more comprehensive and rational vaccine design [54,55]. 

Currently, there are different approaches to rational vaccine design, two 
important ones being structural vaccinology and systems vaccinology. 
The first is a recent approach focusing on the determination of the 
molecular structure of microbial proteins and carbohydrates [56–58]. By 
high resolution analysis of the three-dimensional structure of antigen/
antibody complexes, structural vaccinology provides detailed information 
on the tertiary structure of important antigens and the position of relevant 
epitopes. This information enables the development of promising vaccines 
even for challenging infectious diseases [59]. 

Systems vaccinology can be defined as a “comprehensive analysis of 
the manner in which all the components of a biological system interact 
functionally over time” [60]. This interdisciplinary approach intends to 
provide a holistic view of biological responses to vaccines. By making 
use of transcriptomics and proteomics it pinpoints the most relevant 
genes, proteins or interactions taking place during the generation of the 
immune response [61]. Systems vaccinology comes as an essential tool to 
understand the immunological mechanism of vaccination and as such, 
is a critical approach in the rational vaccine design of future vaccines. So 
far, systems vaccinology has profoundly increased the knowledge of the 
innate immune system and the mechanisms by which protective immune 
responses are generated [62].   

One of the first and most essential studies displaying the potential of systems 
vaccinology aimed at understanding immune reactions to the yellow fever 
vaccine, YF-17D. In the history of vaccines, the YF-17D is probably the most 
successful and efficacious human vaccine. With a single immunization, it 
confers protection in almost 90% of vaccinees. The YF-17D vaccine is a live 
attenuated vaccine generated through serial passaging of the pathogenic 
yellow fever virus strain, Asibi [63]. Interestingly enough, it was not until 2005 
that the specific mechanisms by which this vaccine exerted protection 
were unveiled —using a systems vaccinology approach Querec and 
colleagues [64] succeeded in identifying the molecular signatures induced 
early after vaccination which could predict later immune responses. Also, 
they could pinpoint biomarkers for vaccine efficacy and yielded insights in 
understanding the underlying mechanisms of action of the yellow fever 
vaccine. Amongst the identified genes were: innate sensing receptors like 
TLR7 (Toll-like receptor 7) and RIG-I (retinoic acid-inducible gene I), and 
transcription factors like IRF7 (Interferon Regulatory Factor 7) and signal 
transducers like STAT1(Signal Transducer And Activator Of Transcription 1) 
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the early expression of GCN2 (general control nonderepressible 2) in blood 
which strongly correlated with the magnitude of later CD8 T cell responses. 
The authors pointed towards the critical role of vaccine-induced GCN2 
activation in enhanced antigen presentation in dendritic cells (DCs) to 
both CD4 and CD8 T cells [65]. This data gave further understanding of the 
mechanism of action of the yellow fever vaccine.

A significant amount of work has also been done in the field of influenza 
vaccines. Nakaya and colleagues [66] collected blood and serum samples 
from a cohort of vaccinated individuals with inactivated influenza vaccine 
at different time points. They found that the transcriptional signatures 
of these individuals correlated with increased HA antibody responses in 
serum, which are the gold standard of protection in the context of influenza 
vaccination. Other studies have also identified early gene signatures (i.e., 
IFN (interferon) transcriptional signatures) in blood to correlate with high 
antibody responses [67,68]. Also, very recently it has been described the 
correlation of early activation of follicular T helper cells (TFH) responses with 
the magnitude of the B-cell mediated antibody responses in adults [69–71]. In 
an additional study by Nakaya [72], it was found that adjuvanted influenza 
(MF59) vaccines induce a more potent antibody response in infants than 
that of non-adjuvanted ones. These responses showed to strongly correlate 
with blood transcriptional signatures related to IFN networks. Interestingly, 
this signature response is similar to that in vaccinates adults with non-
adjuvanted influenza vaccine. 

Knowing that early immune signatures from PBMCs of vaccinated 
individuals correlate with later antibody and T cell responses implies that 
PBMCs could be useful to dissect vaccine-related immune responses. In 
this thesis, we have worked under this premise and have exploited this 
knowledge to establish a PBMC-based platform to evaluate vaccine 
candidates in vitro and to elucidate immunological mechanisms behind 
vaccine-induced responses. 

Innate and adaptive immune responses 

To establish a PBMC-based in vitro system to assess vaccines, it is necessary 
to understand the different players involved in the generation of an immune 
response, which is mainly divided in innate and adaptive responses. Innate 
players are mainly antigen presenting cells (APCs) like dendritic cells and 
macrophages (and B cells) but also monocytes and natural killer cells 
(NKs). Adaptive players are represented mainly by lymphocytes; T and B 
cells [73]. Here the most critical difference is that innate immune cells are 
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activated by pathogens or signals through a very rich array of receptors, 
whereas adaptive immune cells are restricted to the activation of unique 
and specific antigen receptors, which can only be engaged with a single 
antigen [74]. 

To generate an appropriate immune response, signals from different 
sources need to be integrated in DCs in a complex process. Immune 
responses start by the recognition of pattern-associated molecular pattern 
(PAMPs; conserved molecular structures found in microorganisms) or 
damage-associated molecular patterns (DAMPs) by pattern-recognition 
receptors (PRRs). As of today, 6 families of PRRs have been described 
(Box 1); these can be classified on basis of the type of ligands recognized, 
the signaling pathway they trigger and the downstream cascade they 
activate. Multiple PRRs can be triggered by the same ligand, which is 
an interesting evolutionary strategy to back-up pathogen sensing. Thus; 

Box 1. Pattern recognition receptors, their signaling pathways and the adaptive immune 
response they induce. Abbreviations TRIF: TIR-domain-containing adapter-inducing 
interferon-β; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; LGP2: 
Laboratory of Genetics and Physiology 2; MAVS: Mitochondrial antiviral-signaling protein; 
VISA: Virus-induced signaling adapter; NOD-1/-2: Nucleotide-binding oligomerization domain-
containing protein; NLRP3: NLR family pyrin domain containing 3; DC-SIGN: Dendritic Cell-
Specific Intercellular adhesion molecule-3-Grabbing Non-integrin; BDCA2: Blood dendritic 
cell antigen 2; ITAM: immunoreceptor tyrosine-based activation motif; NFAT: Nuclear factor of 
activated T-cells; IFI16: Gamma-interferon-inducible protein; DAI: DNA-dependent activator 
of IRFs; AIM2: Absent in Melanoma 2; STING: Stimulator of interferon genes; ASC: Apoptosis-
associated Speck-like protein containing C-terminal caspase recruitment domain [CARD]; 
OAS: oligoadenylate synthase; cGAS: cyclic GMP–AMP (cGAMP) synthase; cGAMP: Cyclic 
guanosine monophosphate–adenosine monophosphate. References used for each PPR; 
TLRs: [75–79], RLRs: [80–86]; NLRs:[87–91]; CLRs: [92–97]; ALRs: [98–102]; OLRs: [103–108].
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signaling pathways triggered by the same ligand can be independent 
of each other. A typical example is the flagellin in bacteria, which can 
activate both TLR5 and NLRC4 (NOD-Like Receptor Family CARD Domain 
Containing 4) [109,110]. Activation through TLR5 induces MyD88-dependent 
NF-κB translocation while NLRC4 activation induces inflammasome 
formation and caspase activation which leads to the cleavage of pro-IL-
1ß and pro-IL-18. Another interesting example is the sensing of the yellow 
fever vaccine YF-17D through TLR2, 7, 8, and 9 also the triggering of genes 
related with inflammasome, RIG-1, and MDA5 (Melanoma Differentiation-
Associated protein 5) which ensure a powerful activation of the innate 
immune response and guarantees the potency and efficiency of this 
vaccine [5,64,111]. 

Signals derived from PRRs (input signals) can induce the activation, 
maturation and subsequent migration of DCs to the lymph nodes. For this 
to happen, multiple cascade signals are integrated to steer the induction 
of the immune response. As a result, output signals turn into the induction 
of transcription factors, co-stimulatory molecules and cytokines (Figure 2). 

Figure 2.  DCs serve as a bridge between innate and adaptive responses. As such, they 
integrate multiple signals (INPUT signals) during antigen uptake in order to induce later 
responses in T cells during antigen presentation (output signals). There are three important 
input signals during antigen uptake; PAMPs, PRRs, and signals from other cells. During 
infection, pathogens or danger signals in the body (PAMPs or DAMPs), are recognized by 
PRRs, at the same time, additional cells, like NK cells, can get activated and hence produce 
cytokines that can stimulate DCs. As a result, different signaling cascades provoke the 
induction of co-stimulatory and activation molecules (MHCII (yellow), CD80 (blue), CD86 
(green) and CD40 (red)) and the induction of different cytokines and chemokines that can 
steer the fate of differentiation of T cell helper cells. Image created with BioRender. 
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Once in the lymph nodes, DCs can present antigens to T cells, in a process 
that relies on the expression of co-stimulatory molecules and signals in 
both DCs and T cells. Furthermore, the cytokines in the milieu dictate the 
fate of the T cell differentiation. CD4 T cells can differentiate into various 
T helper subtypes (TH1, TH2, TH17, TFH) and exert critical functions like the 
activation of CTLs and macrophages and the activation and differentiation 
of B cells into plasma and memory B cells. As for the CD8 T cells, depending 
on the balance of cytokines, they can differentiate into effector cytotoxic or 
memory CD8 T cells (Figure 3). 

The resolution of an infection is characterized by the expansion and 
differentiation of T cells into effector T cells which are pivotal in clearing 
pathogens. Subsequently, a contraction phase takes place, in which the 
majority of effector cells die by apoptosis; and finally, a memory phase 
is reached in which a small fraction of the primed T cells remains and 
differentiates into long-term memory T cells that protect against future 
infections. These memory cell pools enable improved responses reflected 
in enhanced speed, magnitude, sensitivity and efficiency as compared to 
primary responses [112–114]. 

Memory T cells are classified in different subsets; effector-memory (TEM), 
central memory (TCM), and terminally differentiated T cells (TEMRA) from which 
multiple subcategories have been described depending on two basic 
parameters; longevity and proliferation capacity [115]. TCM cells are proposed 
to be an “ideal” memory T cell subset as they can persist in the periphery 
longer than other subsets like TEM (in mice) [112,116]. In human studies, TEM 
cells have shown to be the most predominant memory T cell population 
in tissues and peripheral blood [117–119]. Also, TEM cells are very important for 
sustaining the frequency of T resident memory (TRM) CD8 T cells in the lungs 
following influenza infection [120]. This implies that TEM have a critical role in 
sustaining the immune defense. Both TCM and TEM can produce IL-2 and 
effector cytokines upon stimulation, however, TCM display homing receptors 
for lymph nodes (CCR7) and a high proliferative capacity contrary to TEM 
which in turn can produce effector cytokines more avidly than TCM with a 
lower proliferative capacity [121,122]. TEMRA is an interesting subtype as these 
cells possess an effector phenotype, yet during the contraction phase, they 
persist in circulation despite their expression of homing molecules (CCR7). 
These cells are more prevalent in the CD8 subsets and have a high capacity 
to produce IFNγ but low proliferative potential [117,123,124]. Expansion of TEMRA in 
CD4 and CD8 subsets was observed in individuals infected with Dengue 
virus [125], which suggest that some viruses can trigger TEMRA formation.
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Figure 3. Innate and adaptive response in the context of viral infection. DCs play a key role 
in the initiation of the adaptive immune response. In the context of viral infection, viruses are 
sensed by PRRs located on DCs; like TLR2, TLR3, TLR4, TLR7/8, TLR9, RIG-1, MDA5, and AIM2. 
Once DCs get activated they will secrete different cytokines to steer the T cell differentiation 
fate into what is best to tackle a specific microorganism. During viral infection, DCs are 
poised to secrete different cytokines like type I IFN and IL-12; IL-12 is known to be one of the 
hallmarks during viral infection as it steers the T cell response into a TH1 phenotype. Likewise, 
IL-12 (together with IRF-4) is also involved in determining the fate of T cells towards a TFH 
phenotype [126].  A TH1 phenotype is characterized by the upregulation of CCR7 as a surface 
marker, expression of the transcription factor T-bet and the production of IFNγ. Protection 
during viral infection is also characterized by the induction of cytotoxic CD8 T cells (CTLs), 
these cells are distinguished by the upregulation of CD107 and their ability to efficiently kill 
infected cells through the production of granzyme, perforin and IFNγ. A counterpart is the 
recently characterized CD4 T cell subtype with effector cytotoxic properties. These MHCII-
restricted cytotoxic CD4 T cells can originate from TH0 or TH1 cells when the transcription factor 
THPOK its inhibited [127]. These cytotoxic cells have shown to be critical in the resolution of 
infections like; influenza [128,129], dengue [130], hepatitis [131], and HIV [67,132,133]. Upon differentiation, 
TFH cells upregulate ICOS, CXCR5, Bcl-6 and produce IL-21 [134–137]. These cells provide B cells 
with the co-stimulatory signals, CD40L and ICOS; Together with the production of IL-21, TFH 
cells enable the generation of high affinity-matured, long-lived plasma cells and memory B 
cells [125,138,139]. TFH are pivotal in the formation of germinal center reactions, and during somatic 
hypermutation, hence they are responsible for the affinity and breadth of antibody responses 
[140–142]. Underlined molecules were used in the experiments presented in this thesis. Image 
created with BioRender.
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Influenza vaccine as a model 

Influenza virus is a widely known pathogen; infection can result in fever, 
cough, headache, and sore throat. Influenza A and B virus constantly 
circulate among humans causing seasonal epidemics and occasional 
pandemics [143–146]. This results in 3 – 5 million infected people every year, 
and leaves between 290.000 and 650.000 deaths around the world [146]. 
Due to its high prevalence, the prevention of infection is pivotal, and 
vaccination has shown to be the best method for the protection and 
control of influenza [146]. 

Influenza vaccines have played an important role in the history of the 
vaccines’ development. In 1930, a whole inactivated virus (WIV) influenza 
vaccine was the first successful inactivated vaccine obtained [147]; and its 
establishment served Jonas Salk to develop an inactivated polio vaccine 
[148]. Throughout history, different influenza vaccine formulations have 
been developed like; split, subunit, live attenuated (LAIV), recombinant 
vaccines, WIV, and “add-on peptide vaccines”. As of today, all of these 
vaccine formulations (except “add-on” peptides) are licensed as seasonal 
influenza vaccines, although the inactivated vaccines (subunit and split) 
are predominantly used worldwide [149,150]. In the following, we will focus on 
four of them as they were used in the studies presented in this thesis.

Whole inactivated virus (WIV) vaccine. 
WIV vaccine is prepared by propagating the virus in embryonated chicken 
eggs or cells and then harvesting the allantoic fluid or cell supernatant 
for later purification and inactivation of the virus using formaldehyde or 
β-propiolactone [151,152]. Recent studies have pointed out that inactivation 
with β-propiolactone is a better alternative than formaldehyde as the 
latter cannot fully inactivate the virus [152] and affects the yield of the final 
product [151]. β-propiolactone modifies nucleic acid bases in the viral RNA 
and therefore blocks viral replication. For decades the immunological 
correlates of protection of influenza vaccines have been related to humoral 
responses; hence during clinical trials the ability of these vaccines to exert 
protection has been limited to assess antibodies-related responses. WIV 
have shown to induce humoral responses in clinical trials [153–157]; however T 
cell responses have so far not been investigated. In mice, WIV does induce 
both, humoral and cellular immunity [158,159]. 

Next to inducing potent hemagglutinin (HA)-binding antibodies, WIV has 
displayed the ability to induce antibodies targeting the viral neuraminidase 
(NA), and to do so more efficiently than other vaccine formulations [160]. 
These antibodies (previously neglected) have recently shown to be of 
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and broad cross-reactive protection [160,161]. In the ’60s, WIV vaccines were 
removed from the market due to reports claiming local reactogenicity 
and side effects -especially observed in children. These reactions were 
thought to be caused by egg contaminants in the vaccines [162], which 
was mainly due to suboptimal vaccine production guidelines. The later 
introduction of zonal centrifugation allowed a highly purified influenza 
vaccine preparation with a significant reduction of vaccine reactogenicity 
[163]. Currently, an adjuvanted WIV vaccine is commercially used in some 
countries [150].

Split vaccine. 
Split vaccine is a widely used vaccine formulation. This vaccine is 
produced by treating inactivated virus with detergents; Tween80 and 
cetyl trimethylammonium bromide (CTAB) [151]. During this process the 
membrane is disrupted; this causes the loss of the viral structure and 
remnant RNA to be quickly degraded. Despite this, all of the structural 
proteins of the influenza virus remain intact. Split vaccine triggers humoral 
responses by inducing the production of antibodies against HA and NA 
[164–166], but it induces poor cellular immunity [167–170]. 

Subunit vaccine. 
Subunit vaccine is a highly pure vaccine formulation consisting of HA and 
NA. To obtain a subunit formulation, the inactivated virus is also disrupted 
with detergents followed by ultracentrifugation to remove the viral core 
[171]. As with split vaccine, subunit induces a humoral response represented 
in the production of antibodies mainly against HA [172–174].

“Add on” Peptide vaccine. 
This new vaccine approach is aiming at broadening the T cell responses 
in influenza vaccine strategies. Current influenza vaccines (i.e., split and 
subunit) exert their protective effect through the induction of virus-
specific neutralizing antibodies targeting the surface proteins of the 
influenza virus [175]. But due to mutational changes (antigenic drift and 
shift) in the surface proteins, the virus can easily evade these antibodies. 
Peptide vaccines are an innovative approach that relies on activation of 
cellular immune components; like CD4 and CD8 T cells. These cells can 
recognize highly conserved epitopes of the virus; hence allowing T cells 
to cross-react with different influenza strains and even subtypes [128,176,177]. 
Peptides representing conserved T cell epitopes can be used to induce 
influenza-specific CTLs which can clear infected host cells; thus controlling 
the infection by inhibiting virus replication and limiting the viral spread 
[178]. One limiting factor with peptides is their low immunogenicity; given 
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their lack of PAMPS, they cannot actively stimulate APCs. To overcome this 
issue, antigenic peptides  are combined with current vaccine formulations 
(adjuvanted subunit  [179,180], WIV [181]) in such a way that APCs can properly 
process peptides. Using highly conserved peptides as “add ons” together 
with standard influenza vaccine formulations it could be possible to induce 
both; B cell and T cell responses. M-001, the first peptide influenza vaccine 
has recently entered phase III evaluation; its goal is to perform as a broadly 
cross-protective universal influenza [182].

Outline of this thesis

In the first part of this introduction, we highlighted vaccine development 
as a time-consuming and expensive process. Vaccine candidates often 
succeed in animal experiments but tend to fail during clinical trials, this 
highlights two essential issues: problems in translating results obtained 
in animal experiments into humans and gaps in the understanding of 
mechanisms of action of vaccines. To understand infections and immune 
responses it is necessary to walk away from animal models and take one 
step further into the “human model”. Hence, human PBMCs have shown 
to be a potential source to understand and to assess vaccines. 

The primary aim of this work was to establish an in vitro modular system 
to assess responses and elucidate immunological mechanisms of vaccines 
using human cells. We envisioned an in vitro vaccine evaluation system 
consisting of PBMCs able to recreate responses towards vaccines. Here we 
present two different platforms to assess innate and adaptive responses. 
The first platform consists of mono cultures of monocyte-derived DCs 
(MoDCs) and enables a detailed assessment of the properties of vaccines 
to activate innate immune responses. The second platform makes use 
of whole PBMCs and focusses on dissecting T-cell induced responses by 
vaccines. The use of in vitro systems to evaluate responses towards vaccines 
has been recently explored by others [183–186]. However, these studies have 
been limited to innate players: DCs and has used different approaches like 
cell lines or murine DCs. 

To establish this in vitro system, influenza vaccines were used as our 
main antigen as there are various vaccine formulations which show well-
characterized differences in immunogenicity in animals and in clinical 
trials. As previously mentioned, WIV, split and subunit vaccines undergo 
different processes during vaccine production; these processes lead to 
important physico-chemical differences between the vaccines that are 
reflected in distinct immune stimulatory capacities on cells. 
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first established the innate module in which we mainly focused on the 
evaluation of DCs (Chapter 2). From mechanistic studies in animal 
models, it is known that a proper stimulation of PRRs like TLRs in DCs 
can shape the desired type of response to mount protective immunity 
against a given pathogen. However, humans and animal models differ in 
the expression and specificity of TLRs [30–32]. In this study we first set out to 
identify the best platform to assess stimulatory properties of vaccines on 
APCs in vitro; hence, we compared the suitability of two platforms: the DC-
cell line MUTZ-3 and primary monocyte-derived DCs (MoDCs). Secondly, 
we assessed whether the system was capable of discriminating between 
highly immunogenic and low immunogenic vaccines using WIV and 
subunit influenza vaccines as models. Lastly, we evaluated whether freshly 
isolated and frozen/thawed PBMCs were equally suitable for generation 
of Mo-DCs and whether Mo-DCs derived from fresh and frozen PBMCs 
respond to vaccines and do so in a similar way. 

Since vaccines exert important effects in DCs but also downstream in 
T cells, understanding these response mechanisms upon vaccination 
is important to fully visualize the mechanisms of action of vaccines. In 
Chapter 3 we focused on establishing an experimental system that allows 
a detailed characterization of vaccine-induced responses in CD4 and CD8 
T cells. Here, we first determine immune memory responses. Previous 
in vitro approaches to assess T cell responses aim at the determination 
of antigen-specific memory responses induced by previous infection or 
vaccination  [187–191]. To determine memory T cell responses, cells are isolated 
from blood and pulsed for a short period of time with antigen or stimuli. 
Then, responses are evaluated using proliferation assays, ELISpot, or 
intracellular cytokine staining. Induction of antigen-specific responses 
makes use of purified co-cultures of DC and T cells [187–189,191,192], in a rather 
laborious and time-consuming process. Different from this approach, we 
present an in vitro system using long-term cultures of unfractionated 
PBMCs to assess T cell responses (Chapter 3). Using this approach together 
with flow cytometry staining, we characterized T cell-mediated immune 
responses involving T helper, CTLs, TFH and memory T cell subsets to 
different influenza vaccine formulations (WIV, split and, “add-on” peptides). 

After having established these two immune modules, we set out to test 
their robustness. Different influenza subtypes differ in immunogenicity in 
preclinical and clinical studies. However, a proper head-to-head comparison 
of vaccines derived from different influenza subtypes is still lacking. In 
Chapter 4 we have performed a systematic comparison of vaccines 
derived from four different influenza virus strains using in vitro and in vivo 
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approaches.  We have first assessed the physicochemical properties of H1N1, 
H3N2, H5N1, and H7N9 WIV vaccines and then evaluated the stimulatory 
capacities of the different influenza subtypes on the DC module presented 
in Chapter 2 and assessed the antigen-specific T-cell responses (Chapter 
3) stimulated by each virus subtype in vitro. In parallel, we evaluated the 
immunological responses to the different influenza vaccine subtypes in 
mice in vivo. These experiments enabled us to visualize the correlation 
between our in vitro approach and the in vivo setting. 

Lastly, in Chapter 5 we exploited the DC and T cell platforms (Chapter 2 and 
3) to assess the effect of size in the magnitude of the immune response. For 
this we used two different subunit formulations: influenza and Hepatitis B 
and coupled them to nano- and micro-particles (sizes 0.5 and 3 μm). Each 
vaccine formulation was then used to stimulate MoDCs and T cells; in the 
MoDCs we assessed their ability to be up taken my microscopy while in the 
T cells we evaluated the induction of cytokine-induced responses by flow 
cytometry. 

In Chapter 6 we summarize the findings of this thesis and discuss the 
implications of the work in the light of vaccine development. We also 
examine the future perspectives regarding the expansion of the in vitro 
system with a B cell module and the integration of modern technologies 
to better dissect and understand immune responses induced by vaccines. 
We further examine the possibilities to exploit this in vitro system approach 
to better understand differences in immune responses between young 
and old individuals.
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Abstract

Vaccine development relies on testing vaccine candidates in animal 
models. However, results from animals cannot always be translated to 
humans. Alternative ways to screen vaccine candidates before clinical trials 
are therefore desirable. Dendritic cells (DCs) are the main orchestrators of 
the immune system and the link between innate and adaptive responses. 
Their activation by vaccines is an essential step in vaccine-induced immune 
responses. We have systematically evaluated the suitability of two different 
human DC-based systems, namely the DC-cell line MUTZ-3 and primary 
monocyte-derived DCs (Mo-DCs) to screen immunopotentiating properties 
of vaccine candidates. Two different influenza vaccine formulations, whole 
inactivated virus (WIV) and subunit (SU), were used as model antigens 
as they represent a high immunogenic and low immunogenic vaccine, 
respectively. MUTZ-3 cells were restricted in their ability to respond to 
different stimuli. In contrast, Mo-DCs readily responded to WIV and SU in 
a vaccine-specific way. WIV stimulation elicited a more vigorous induction 
of activation markers, immune response-related genes and secretion of 
cytokines involved in antiviral responses than the SU vaccine. Furthermore, 
Mo-DCs differentiated from freshly isolated and freeze/thawed peripheral 
blood mononuclear cells (PBMCs) showed a similar capacity to respond 
to different vaccines. Taken together, we identified human PBMC-derived 
Mo-DCs as a suitable platform to evaluate vaccine-induced immune 
responses. Importantly, we show that fresh and frozen PBMCs can be 
used indistinctly, which strongly facilitates the routine use of this system. 
In vitro vaccine pre-screening using human Mo-DCs is thus a promising 
approach for evaluating the immunopotentiating capacities of new 
vaccine formulations that have not yet been tested in humans. 

Keywords: dendritic cell; MUTZ-3; whole inactivated virus influenza vaccine; 
subunit influenza vaccine; flow cytometry; qPCR; cytokines 
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Introduction 

Vaccines are the most cost-effective way to battle infectious diseases. 
Their routine use has enabled the eradication of infectious diseases like 
smallpox and rinderpest, and the reduction of others like measles and 
pertussis [1]. However, the development of new vaccines is both expensive 
and time-consuming, with rarely successful outcomes. Currently, the use 
of animal models is a key step in assessing vaccine safety and efficacy. 
However, the use of animals in preclinical studies has disadvantages. Apart 
from the intrinsic ethical issues that come with their use, animal models 
cannot completely mimic the immune system of humans [2]. Frequently, 
vaccine candidates that succeeded in animal experiments fail to do so in 
clinical trials, this being one of the greatest bottlenecks when screening 
vaccines [3,4]. Given the limitations of the current animal models, the use of 
alternative tools to predict vaccine behavior in humans could increase the 
odds of success of vaccine candidates in clinical trials.

Cultures of antigen-presenting cells (APCs) could provide insights into how 
the human immune system responds to a vaccine batch or a new vaccine 
candidate. In the past, human primary cells differentiated to APCs or cell 
lines representing APCs have allowed us to model and to gain insight into 
basic immunological responses, e.g., the differentiation of monocytes 
into APCs, the induction of antigen-specific T helper and memory cells, 
and the induction of antigen-specific antibody responses (reviewed in 
[5,6]). An important type of APCs is the dendritic cell (DC), which acts as 
sentinel of the immune system by detecting the presence of pathogens 
or vaccines. The key functional features of DCs are to capture, process and 
present antigens and to deliver accessory signals thereby enabling T cell 
priming [7]. DCs have a pivotal role in the induction of immune responses, 
their effects on other immune cells (both innate and adaptive) have great 
consequences for the adaptive immune response after vaccination [8]. 

There are two possible sources of human DCs for the investigation 
of vaccines in vitro: DC-like cell lines and primary DCs isolated and 
differentiated from peripheral blood mononuclear cells (PBMCs). Generally, 
the use of cell lines to evaluate immune responses is very appealing since 
cell lines are a consistent source of stable cells, they are readily available, 
and they are not subject to variation. However, cell lines have accumulated 
mutations, amongst others mutations enabling their continuous growth, 
and thus may no longer respond to triggers in the same way as normal 
cells would [9]. Primary DCs, on the other hand, require a laborious process 
of isolation of monocytes from PBMCs and their subsequent differentiation 
to DC; the sources for PBMCs are limited and more importantly, responses 
of PBMC-derived DCs might be prone to donor-to-donor variation [10,11]. 
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Notwithstanding, primary cells retain many of the characteristics of the 
cells in vivo which may translate into a more accurate response than the 
that obtained with cell lines. 

As a first step towards the development of an in vitro system suitable for 
pre-screening of vaccine candidates, we set out to identify the best cellular 
platform to assess in vitro stimulatory properties of vaccine formulations. 
We have evaluated the responses upon stimulation with vaccines in 
a DC-like cell line, and in human monocyte-derived DCs (Mo-DCs). As a 
representative of DC-like cell lines we chose MUTZ-3, a human acute 
myeloid leukemia cell line. The differentiation of this myeloid cell line to a DC 
phenotype is dependent on cytokines [12,13] rather than on lipopolysaccharide 
(LPS) stimulation or pharmacological agents as required for other cell 
lines. Thus, the conditions MUTZ-3 cells need for differentiation resemble 
the conditions used to obtain monocyte-derived DCs from primary cells, 
which confers MUTZ-3 an advantage over other APC-like cell lines [14]. With 
respect to Mo-DCs, we determined whether freshly isolated and frozen/
thawed PBMCs are equally suitable for generation of Mo-DCs and whether 
Mo-DCs derived from fresh and frozen PBMCs respond to vaccines and do 
so in a similar way. The use of frozen/thawed PBMCs has so far not been 
systematically evaluated. Frozen PBMCs as source of monocytes for DC 
differentiation would make the use of a human primary DC-based platform 
much more practical, reproducible and efficient. In addition, we evaluated 
the extent of donor-to-donor variation in the response to vaccines which 
has so far gained limited attention.

As model antigens we used two different non-adjuvanted influenza vaccine 
formulations with well-characterized differences in immunogenicity: whole 
inactivated virus (WIV) and subunit (SU) vaccine. WIV vaccines, produced 
by inactivation of live virus with formaldehyde or β-propiolactone [15], retain 
the native virus structure, contain all viral proteins, and possess fusion 
activity. They also contain single-stranded RNA (ssRNA), which triggers 
toll-like receptor (TLR) 7 and thus provides a “self-adjuvanted” feature to 
WIV [16,17]. These characteristics make WIV more immunogenic than SU. The 
SU vaccine is a highly purified formulation consisting of the viral surface 
antigens hemagglutinin (HA) and neuraminidase (NA). This vaccine is 
produced by purification of HA and NA from an inactivated detergent-
disrupted influenza virus [18]. Intrinsic differences in the immune responses 
elicited by the two vaccine formulations have been reported previously 
in animal models as well as in unprimed humans [19]. Compared to SU 
vaccines, WIV vaccines have shown to induce higher immonuglobulin G2a 
(IgG2a) levels against HA and NA [16], higher hemagglutination inhibition 
titers, a TH1-type (rather than a TH2-type) response [20] and cross-protective 
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cytotoxic T cells in immunized mice [21]. The in vivo results were reflected 
by in vitro results, demonstrating that WIV induces in mouse DCs a TH1 

cytokine profile and prominent changes in the expression of genes 
involved in antiviral pathways, whereas SU did not [22]. 

Here we report that human Mo-DCs respond to WIV and SU vaccines 
in a vaccine-specific manner whilst the MUTZ-3 cell line does not. We 
demonstrate that DCs differentiated from freshly isolated or cryopreserved 
PBMCs show similar capacities to respond to different vaccines. This 
enables the indistinct use of fresh and frozen PBMCs for DC generation, 
thus facilitating the routine use of this DC-based in vitro system. DCs 
derived from different donors responded to the vaccines in a qualitatively 
similar way and differed only marginally in quantitative terms for most of 
our readouts. The ability of cultured DCs to recapitulate vaccine-specific 
activation patterns upon stimulation with different vaccines represents a 
pivotal requirement for the development of an in vitro screening platform 
for the evaluation of novel vaccine formulations. 

Materials and Methods 

Vaccines 
WIV and SU were produced from the H5N1 virus subtype (NIBRG-14, a 2:6 
recombinant of A/Vietnam/1194/2004 (H5N1) and A/PR/8/34 (H1N1) virus 
produced by reverse genetics technology, obtained from the NIBSC) 
as described before [16]. Briefly, H5N1 was propagated on embryonated 
chicken eggs and inactivated with 0.1% β-propiolactone for 24 h at 19–21 °C, 
followed by dialysis and filtration (0.45 µm) to obtain WIV. SU was produced 
by solubilizing the β-propiolactone-inactivated virus with the detergent 
octa(ethyleneglycol)-n-dodecyl monoether (C12E8) (Nikkol, Tokyo, Japan). 
Nucleocapsids were removed by ultracentrifugation and membranes were 
reconstituted by extraction of C12E8 using Biobeads (Bio-Rad, Hercules, 
CA, USA). Formed virosomes were concentrated by ultra-centrifugation on 
a 50% sucrose cushion in Hepes and then processed into subunit vaccine. 

Generation of DC Derived from the MUTZ-3 Cell Line 
The human leukemic cell line MUTZ-3 was obtained from the Leibniz-
Institute DSMZ (Deutsche Sammlung von Mikroorganismen und 
Zellkulturen, Braunschweig, Germany) and cultured at 37 °C with 5% CO2 

in Minimal Essential Medium-α (MEM-α) (Gibco, Life Technologies; Paisley, 
UK) supplemented with 20% heat-inactivated fetal calf serum (FCS) (Lonza; 
Basel, Switzerland), 1% penicillin/streptomycin and 500 U/mL granulocyte-
macrophage colony-stimulating factor (GM-CSF) (ProsPec; Rehovot, 
Israel). Cells from passage numbers 10 to 25 were used for differentiation 
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to a DC phenotype. Differentiation conditions tested are summarized in 
Appendix (Table A1). The culture medium was replaced every 3 days. Cells 
were seeded at a density of 2 × 105 cells/mL in 12-well plates (Corning; New 
York, NY, USA) for flow cytometry analysis.

Generation of Immature Mo-DCs from Primary Cells 
PBMCs were isolated from buffy coats (Sanquin, Groningen, The 
Netherlands). Aliquots containing 12.5 mL of buffy coat were mixed with 
37.5 mL of RPMI-1641 (Gibco, Life Technologies; Paisley, UK). The mixture was 
layered on 16 mL of Ficoll Paque (GE Healthcare; Upssala, Sweden) and the 
tubes were centrifuged at 400× g for 30 min at 21 °C without brake. PBMC 
fractions were collected, pooled, resuspended in RPMI and centrifuged at 
250× g for 10 min. Red blood cells were lysed with ACK lysis buffer (156 mM 
NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA; pH 7.3) and washed with RPMI. Cells 
were centrifuged at 250× g for 10 min, resuspended in 5 mL RPMI + 5% FCS 
and viability was determined by Trypan Blue (Gibco; Rockville, MD, USA). 
At this stage, cells were either used directly for isolation of monocytes (see 
below) or were frozen. 

PBMCs were placed in a cell freezing container (CoolCell LX;Biocision, 
Menlo Park, CA, USA) and stored in liquid nitrogen at a concentration of 
40 × 106 PBMCs/mL per cryotube in FCS (90%) + dimethyl sulfoxide (DMSO) 
10%. Cryotubes containing frozen PBMCs were placed in a water bath at 
37 °C until cells were thawed. Cells were pipetted into 15-mL tubes and a 
2-fold volume of warm FCS (37 °C) was added slowly. After centrifugation 
at 500× g for 10 min, cells were washed 2 times with washing buffer ( 
phosphate-buffered saline (PBS), 2% FCS, 1mM ethylenediaminetetraacetic 
acid (EDTA)), centrifuged and resuspended in washing buffer. Viability was 
checked with Trypan Blue. 

Monocytes from fresh or frozen PBMCs were isolated using an 
immunomagnetic negative selection kit, the EasySep Human Monocyte 
Enrichment Kit (Stemcell Technologies; Vancouver, BC, Canada). To obtain 
dendritic cells, monocytes were seeded at a density of 1 × 106 cells/mL and 
cultured at 37 °C with 5% CO2 in RPMI-1640 medium (L-glutamine, HEPES) 
supplemented with 10% FCS, 1% penicillin/streptomycin, GM-CSF (450 U/
mL) and interleukin-4 (IL-4) (500 U/mL) (ProsPec; Rehovot, Israel). Fresh 
cytokines were added every 2 days for 6 days.

Treatments
Undifferentiated MUTZ
To check on the MUTZ-3 phenotype before differentiation, cells were 
stimulated with lipopolysaccharide (LPS; 1 μg/mL; Invivogen; Toulouse, 
France), imidazoquinoline compound (R848; 10 μg/mL; Invivogen; 



 DC module

45

Toulouse, France), tumor necrosis factor alpha (TNFα; 2 μg/mL; PeproTech; 
London, UK), whole inactivated influenza virus (WIV; equivalent to 10 μg/
mL HA), subunit influenza vaccine (SU; equivalent to 10 μg/mL HA) or 
PBS (Gibco; Bleiswijk, The Netherlands) for 24 or 48 h.

MUTZ-3-derived DCs
After differentiation, stimulation was performed for 24 h with LPS (1 μg/
mL), R848 (5 μg/mL), WIV (equivalent to 10 μg/mL HA), SU (10 μg/mL) 
or TNFα (2 μg/mL; PeproTech; Rocky Hill, NJ, USA). MUTZ-3 cells were 
seeded at a density of 2 × 105 cells/mL in 12-well plates.

Monocyte-derived DCs
After differentiation, immature DCs were exposed for 4 or 24 h to WIV 
or SU vaccines, R848, or PBS as described above. Cells were seeded at a 
concentration of 5 × 105 cells/mL per treatment in 12-well plates for qPCR, 
cytokine and flow cytometry analysis

Surface Marker Staining and Flow Cytometry Analysis
To examine the expression of surface markers associated with the DC 
phenotype, 2 × 105 cells of each condition were harvested after exposure. 
Cells were fixed in 200 μL of 4% paraformaldehyde (Merck KGaA, 
Darmstadt, Germany) in PBS and washed with cold washing buffer (1X PBS 
supplemented with 2% FCS and 1 mM EDTA). Cells were stained for 45 min 
at 4 °C in the dark, washed, and resuspended in 200 μL washing buffer. The 
following labeled mouse anti-human antibodies (all from BD Pharmingen; 
San Diego, CA, USA) were used for flow cytometry analysis: FITC-MHCII, PE-
CD86, APC-CD11c, FITC-CD40, PE-CD80, and APC-CD14. Flow cytometry 
was performed on a FACS Calibur flow cytometer (BD Pharmingen, San 
Diego, CA,). Data were collected using the Cell Quest software (Becton 
Dickinson) and analyzed using the Kaluza software (Beckman Coulter; 
Woerden, The Netherlands) and FlowJo (Tree Star, Inc., Ashland, OR, USA). 
Isotype controls were used for all of antibodies used to control for aspecific 
binding and were negative in all cases. 

RNA Isolation and qPCR
Cells from each exposure condition (see results section for details) were 
centrifuged (1000 rpm, 5 min), resuspended in RNAlater (Qiagen; Hilden, 
Germany) and stored at −80 °C. RNA isolation was performed using the 
RNeasy Mini Kit (Qiagen; Hilden, Germany) following the instructions of the 
manufacturer. For Mo-DCs gene expression of CD86, CD40, IL-10, MYD88, 
IRF7 and STAT1 was assessed. Gene expression levels were normalized 
against GAPDH and were quantified relative to time-matched mock 
stimulated cell cultures. Data were analyzed according to the comparative 
Ct method [23] and are expressed as fold change.
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Cytokine Quantification by Multiplex Immunoassay
Cytokine production was determined by Luminex technology. Dendritic 
cell supernatants were collected at 24 h after stimulation with the different 
vaccines. Samples were centrifuged and stored at −80 °C until analysis. 
The TH1–TH2 cytokine panel containing beads for IL-4, Il-5, IL-6, IL-12p70, 
TNFα and interferon (IFN)-γ was supplemented with the single-plexes 
for IL-1β, Il-2, IL-8 and IL-10 (all from ProcartaPlex, eBioscience). Briefly, 50 
µL of undiluted cell supernatant were added to the antibody magnetic 
beads in each of the 96-well plate-wells for 60 min at room temperature. 
Each sample was added in duplicate. Next, detection antibodies were 
added to each well and incubated for 30 min, followed by streptavidin 
phycoerythrin incubation (50 μL per well). After 30 min of incubation the 
beads-sample mixtures were resuspended in Reading Buffer (25 µL) and 
run on a Luminex 100 analyzer (Luminex Corporation, Austin, TX, USA) 
following the manufacturer’s instructions. Calculations were performed 
using STarStation software (Applied Cytometry Systems, Sheffield, UK). 
Data were logarithmically transformed before analysis.

Statistics
Significant differences between the two vaccines (WIV and SU) were 
determined using the unpaired Student’s t test. A p value of p < 0.05 was 
considered significant. 

Results

MUTZ-3 Cells are Restricted in Their Ability to Respond to Different 
Stimuli
In order to find a suitable platform for assessing vaccines in vitro we 
initially turned to MUTZ-3 cells, a cell line similar to primary monocytes in 
its dependence on cytokines for differentiation to DCs. We first analyzed 
the phenotype of the MUTZ-3 cell line prior to differentiation and assessed 
whether undifferentiated MUTZ-3 cells could respond to stimuli (Figure 1, 
panel A). Flow cytometric analysis showed that undifferentiated MUTZ-3 
cells expressed MHCII and CD86 but not CD11c, CD80 or CD40 (Figure 1A, 
purple lines) indicating that these cells do not have a DC phenotype. As 
expected, undifferentiated MUTZ-3 cells did not respond to LPS, known as 
a strong trigger of DC activation (Figure 1A, orange lines).

We next tried to differentiate the cells to a dendritic cell phenotype by using 
various conditions. Surface marker evaluation indicated that differentiation 
of MUTZ-3 cells with GM-CSF and IL-4 (Figure 1, panel B) resulted in minor 
up-regulation of CD11c, a DC phenotype marker (compare purple lines in 
Figure 1A,B). Furthermore, there was up-regulation in the expression of 
CD40 and CD80 and a more homogenous expression of MHCII but little 
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change in the expression level of CD86. The limited changes in surface 
marker expression are in line with microscopical observations indicating 
that MUTZ-3 cells differentiated with GM-CSF and IL-4 alone have the 
same morphological appearance as undifferentiated cells (data not 
shown). However, when TNFα was included in the cytokine mix used 
for differentiation (Figure 1, panel C) there was up-regulation of CD11c, 
demonstrating that under those conditions the cells differentiated to a DC 
phenotype (Figure 1C). Up-regulation of CD11c went along with enhanced 
expression of MHCII, CD86, CD40 and CD80 as compared to expression on 
undifferentiated cells. Morphological observations revealed long dendrites, 
consistent with a DC-like phenotype in differentiated MUTZ-3 cells (data 
not shown). Thus, successful differentiation was TNFα-dependent. 

Responsiveness of successfully differentiated MUTZ-3 cells to external 
stimuli was evaluated by exposing the cells to LPS. Unexpectedly, surface 
marker expression of cells stimulated with LPS or mock-stimulated with 
PBS did not differ for any of the markers studied (Figure 1C, orange lines). 

Unresponsiveness to LPS could be due to a defective function of the LPS 
itself or to the fact that the matured status of the DCs was already reached 
with no possibility of further activation. We sought to discriminate between 
these possibilities by using other stimuli. We exposed the cells to a different 
batch of LPS, to the TLR7 ligand R848, or to an additional dose of TNFα. 
However, 24 h after stimulation we did not find any difference between 
the stimulated and mock-stimulated cells in terms of expression of surface 
markers for any of the stimuli (Figure 1, panel D). Similarly, neither WIV nor 
SU vaccines had any effect on the expression profile of the surface markers 
(not shown). 

From the above results we concluded that differentiated MUTZ-3 cells are 
refractory to triggering with toll-like receptor (TLR) ligands or viral vaccines 
and are thus not suitable for testing responses to vaccines in vitro.

Mo-DCs Do Respond to External Stimuli
Since the MUTZ-3 cell line proved unsuitable for the evaluation of responses 
to external stimuli and vaccines, we next turned to Mo-DCs. Freshly 
isolated monocytes from PBMCs of healthy donors were differentiated 
to DCs by exposure to GM-CSF and IL-4 for a period of 6 days. Successful 
differentiation was confirmed by lack of CD14 expression and expression 
of the myeloid marker CD11c (Figure 2). Flow cytometric analysis further 
revealed that the differentiated DCs had an immature phenotype 
characterized by expression of low levels of MHCII and no expression of 
CD86, CD40, nor CD80. Stimulation of Mo-DCs with R848 (positive control) 
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already induced MHCII expression at the 4 h time point while the rest of 
the markers did not show early changes in expression level (Figure 2, panel 
A, compare green line (R848) with orange line (PBS control). After 24 h 
of stimulation with R848, we found induction of MHCII, CD86, CD80 and 
to a lesser extent CD40 (Figure 2B). Mo-DCs were thus able to efficiently 
respond to a synthetic stimulus.

Figure 1. MUTZ-3 needs tumor necrosis factor alpha (TNFα) for differentiation and does 
not respond to stimuli. (A) Undifferentiated MUTZ-3 cells were assessed for the expression of 
surface markers prior to differentiation. Histograms show flow cytometry of non-stimulated 
(dashed black lines), lipopolysaccharide (LPS)-stimulated (orange lines) and mock-stimulated 
with phosphate-buffered saline PBS (purple lines) cells; (B,C) Cells were differentiated with 
granulocyte-macrophage colony-stimulating factor  (GM-CSF) + interleukin-4 (IL-4) for 7 days 
in the absence (B) or presence (C) of TNFα and stimulated for 24 h with LPS (orange lines) or 
mock-stimulated with PBS (purple lines); (D) Cells differentiated for 7 days were stimulated 
for 24 h with LPS (orange), imidazoquinoline compound(R848) (green), TNFα (pink) or PBS 
(purple). Blue filled peaks represent isotype controls.
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Next we analyzed the response induced by the two different influenza 
vaccine formulations. When Mo-DCs were stimulated with SU vaccine we 
did not find any significant up-regulation of any of the markers after 4 h or 
after 24 h (Figure 2, red line). As a general trend, the SU stimulation profile 
always mimicked the profile of the mock-stimulated cells. In contrast, WIV 
already elicited up-regulation of MHCII at the 4 h time point. After 24 h 
of stimulation with WIV, there was a significant up-regulation of MHCII, 
CD86, CD80 and CD40, consistent with an activated DC phenotype (Figure 
2B, green line). This phenotype was similar to that of cells stimulated with 
R848. Differential expression of surface markers elicited by WIV and SU 
was consistently found for Mo-DCs derived from four different donors with 
only minor variation, reflected in the relatively small standard deviations 
(Figure 2C). Thus, Mo-DCs responded in characteristic ways to SU and 
WIV and the responses were in line with the magnitude of the immune 
responses these vaccine evoke in vivo.

To further evaluate the ability of Mo-DCs to respond to stimuli and to 
different vaccines in a characteristic way, we assessed the expression of 
selected genes involved in the immune response by reverse transcription 
polymerase chain reaction (RT-qPCR). For this, we chose genes coding 
for the adaptor protein MYD88, a transcription factor involved in the TLR 
signaling pathway (IRF7), a transcription factor involved in the response 
to interferons (STAT1) and genes coding for surface markers relevant for 
the DC phenotype (CD40 and CD80) (Figure 3). Our results reveal that 4 h 
stimulation with R848 induced up-regulation in the gene expression levels 
of CD40 and to a lower extent IRF7, while the other investigated genes 
showed less than 2-fold changes in expression. After 24 h of stimulation, 
the expression levels of most genes were back to the levels in control cells. 
SU vaccine did not successfully stimulate the Mo-DCs. This was reflected 
by the absence of an evident up- or down-regulation of any of the genes at 
4 h and 24 h. WIV-stimulated cells showed more than 2-fold upregulation 
compared to the mock-stimulated controls in all of the investigated genes. 
The difference in fold change of gene expression between WIV- and SU-
stimulated cells was significant for most of the genes except for CD86 at 
the 4 h time point and MYD88 at the 24 h time point. The fold increase in 
induction elicited by WIV was higher than the one elicited by the synthetic 
TLR7 ligand R848. While the expression of most markers had returned 
to normal levels after 24 h of R848 stimulation the increase in marker 
expression was sustained in cells stimulated with WIV. All four investigated 
donors responded in the same way and to a similar extent to stimulation 
with R848, SU and WIV as reflected in the relative small standard deviations 
shown in Figure 3. 
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Figure 2. Monocyte-derived dendritic cells (Mo-DCs) show a different surface marker 
profile when stimulated with different vaccines. Immature DCs were stimulated for 4 h (A) 
and 24 h (B) with whole inactivated virus (WIV; blue), subunit (SU; red), R848 (green) or mock-
stimulated with PBS (orange). Blue filled peaks represent isotype controls. Subsequently cells 
were analyzed by flow cytometry for the expression of maturation and activation markers. 
Histograms correspond to one representative donor (n = 4); (C) Bar graphs depicting mean 
fluorescent intensities (MFIs) and standard deviations for the different surface and activation 
markers; n = 4. Levels of significance: not significant (n.s.): p > 0.05; *: p ≤ 0.05; and **: p ≤ 0.01.
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We additionally tested the effect of R848 and the two vaccine formulations 
on the production of cytokines by Mo-DCs. Cytokines were chosen based 
on their ability to polarize the immune response towards a TH1- or TH2-
like phenotype or to reflect or induce an antiviral response. We were 
particularly interested in IL-2, IL-12p70, IFNγ, IL-1β, IL-10, IL4, and TNFα, given 
their involvement in the immune response during influenza infection and 
also given the phenotype of the response upon vaccination. However, IL-
2, IL-12p70, IFNγ, and IL-1β were not produced by DCs exposed to either of 
the vaccines. IL-8, a neutrophil and T cell-chemoattractant, was produced 
more effectively in DCs exposed to WIV than in DCs exposed to SU, at least 
in the cells of three of the four donors studied (Figure 4). TNFα and IL-6, 
both involved in inflammatory responses, showed relatively few differences 
in their production when DCs were stimulated with WIV or SU. Lastly, 
IL-10 and IL-4, which are mainly associated with Th2 responses, showed 
a marginally higher production when DCs were stimulated with SU as 
compared to WIV, which is in line with the known Th2 immune phenotype 
evoked by SU. 

In general, we found a high extent of donor-to-donor variation for cytokine 
expression, reflected in low and high responders for most of the cytokines 
measured (IL-8, IL-6, TNFα and IL-4) (Figure 4). Despite this variation, we 
could still see differences in the cytokine profile depending on the vaccine 
being used. 
 

Figure 3. Gene expression shows that Mo-DCs respond to stimulation with R848 and two 
different influenza formulations in distinctive ways. Immature DCs were stimulated with 
WIV, SU and R848 for 4 h (upper panel) and 24 h (lower panel), RNA was isolated and gene 
expression was assessed by reverse transcription polymerase chain reaction (RT-qPCR). Bars 
represent the mean log2 fold change in gene expression as compared to the medium control 
of four different donors +/− standard deviation. Levels of significance: n.s.: p > 0.05; *: p ≤ 0.05; 
**: p ≤ 0.01 and ***: p ≤ 0.001.
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Taken together, Mo-DCs were able to respond to synthetic stimuli and 
vaccines by changes in the expression of surface and activation markers, 
expression of immune-related genes and the secretion of cytokines. Above 
all, the Mo-DCs responded in characteristic ways to different vaccines. 
Overall, stimulation with WIV resulted in upregulation of surface markers 
and induction of immune-related genes while stimulation with SU did not 
or did so to a lower extent. 

Mo-DCs Derived from Freshly Isolated and Frozen/Thawed PBMCs are 
Similar in Their Capacity to Respond to Stimuli 

PBMC isolation is a long process and access to buffy coats or blood can 
be sometimes restricted. In order to assess whether cryopreserved PBMCs 
could substitute for freshly isolated PBMCs we compared the responses 
of Mo-DCs differentiated from freshly isolated and from frozen/thawed 
PBMCs of the same donors using the same stimuli and readouts as 
previously described. Immature DCs were stimulated with R848, SU, or 
WIV, or were mock-stimulated with PBS. After 4 h and 24 h, stimulation cells 
were harvested for flow cytometry, RT-qPCR and multiplex immunoassay. 
Firstly, we focused on the expression of surface markers on Mo-DCs derived 
from fresh or frozen/thawed cells (Figure 5). Importantly, mean fluorescent 
intensities (MFIs) for the investigated markers did not differ significantly 
in the mock-stimulated cells derived from fresh or thawed PBMCs. This 
indicated that the freeze/thawing process as such did not induce activation 
of the cells. We then compared the MFIs of Mo-DCs stimulated with WIV 
or R848. Both stimuli were able to activate the cells, which was seen in 
the upregulation of MHCII and CD86 as compared to the mock-stimulated 
control at the 24 h time point. The phenotypes and the extents of the 
responses to either of the stimuli were consistent between DCs derived 
from fresh and frozen cells. Similarly to PBS, SU stimulation did not induce 
a significant expression of any surface marker (Figure 5). 

Gene expression profiling revealed similar expression profiles for Mo-DCs 
differentiated from freshly isolated and frozen/thawed PBMCs. As can be 
deduced from the radar plots in Figure 6A,B and the bar graphs in Figure 
6C, Mo-DCs showed similarly low responses to SU after 4 h as well as after 
24 h of stimulation irrespective of whether they were derived from fresh 
or frozen PBMCs (dark red and light red lines). The cells also responded in 
a similar way to WIV and these responses were much stronger than those 
to SU (dark blue and light blue lines). Irrespective of the vaccine, Mo-DCs 
derived from frozen/thawed PBMCs exhibited somewhat higher gene 
induction levels after 24 h of stimulation than those derived from freshly 
isolated PBMCs. 
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Finally, we assessed whether the source of the PBMCs affected the 
production of cytokines by Mo-DCs. Though we found large individual 
variation in the amount of cytokines expressed, Mo-DCs derived from 
fresh or frozen PBMCs of a particular donor showed similar baseline levels 
for the cytokines measured (data not shown). We also found donor related 
differences in the up-regulation of cytokine expression upon exposure of 
the cells to vaccine. Again, these were consistent regardless whether the 
DCs were derived from fresh or frozen/thawed cells. 

Thus, both fresh and frozen PBMCs are equally suitable for the generation 
of Mo-DCs and these cells can respond in characteristic ways to synthetic 
stimuli and vaccines.

Figure 4. Stimulation of Mo-DCs with WIV elicits a higher production of cytokines than 
stimulation with SU. Supernatants from WIV, SU and mock-stimulated cells were collected 
24 h after stimulation. Cytokines secreted were detected with a multiplex immunoassay 
using Luminex technology. Cytokine concentrations are given in pg/mL. Blue and red dots 
correspond to cells stimulated with WIV and SU, respectively. Dots connected with a line 
were obtained with cells from the same donor. 
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Discussion

In order to develop an in vitro system for pre-screening of vaccine 
candidates, we have set out to identify a suitable human cellular platform 
to assess responses towards vaccines using WIV and SU influenza vaccines 
as model antigens. We demonstrate that the MUTZ-3 cell line does not 
show any reaction to the vaccines and is thus unsuitable as a platform for 
an in vitro vaccine screening system. In contrast, human primary Mo-DCs 
did respond to exposure to the vaccines. More importantly, as previously 
described for mouse bone marrow-derived cells, Mo-DCs responded 
in a vaccine-specific manner and the response was in agreement with 
the known in vivo immunogenicity of the two vaccines [22,24,25]. The ability 
to respond distinctly towards different vaccine formulations was not 
hampered when Mo-DCs were derived from frozen PBMCs. Overall, the 
response obtained across DCs from a number of different donors was 
consistent. To our knowledge, we are the first to systematically compare 
responses to stimuli in cells derived from fresh and frozen cells and to 
carefully assess variation in responses in cells derived from different donors 
across different read-outs. Our results support the feasibility of using an 
in vitro approach using human PBMC-derived DCs to estimate in vivo 
responses elicited by different vaccine formulations.

Figure 5. Mo-DCs obtained from freshly isolated and frozen/thawed peripheral blood 
mononuclear cells (PBMCs) are equally able to upregulate expression of surface markers 
upon stimulation with WIV or R848. Monocyte-derived DCs from freshly isolated and frozen/
thawed PBMCs of matching donors were differentiated for 6 days and stimulated with WIV, 
R848, SU and PBS for 4 h (A) and 24 h (B). Bars represent the MFI for MHCII, CD86 and CD11c 
of four different donors +/− standard deviation.
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Recently, the MUTZ-3 cell line has been proposed as a suitable DC in vitro 
model [14,26,27] and potential tool to investigate features of DC biology and 
immunology. However, while some groups have claimed this cell line 
mimics primary DCs in different aspects such as phenotype, transcriptional 
profile and their capacity to induce T cell proliferation [14,27–31]; others have 
reported impaired responsiveness to certain stimuli and transcriptional 
and functional defects in this cell line [5,9,32,33]. Regardless, when compared 
to other DC-like cell lines (THP-1, Monomac6, HL-60, U937), MUTZ-3 most 
closely mimics DCs [27–29,31,34]. To differentiate into DC-like cells, MUTZ-3 
appears to require TNFα (our own observations and those of others [14,30,32,33]). 
Overall, there is a lot of discrepancy on the differentiation conditions of 
this cell line, especially on its dependency on TNFα for differentiation. 
We and others [5] found the culture conditions of this particular cell line a 
challenging issue. Differentiated MUTZ-3 cells (expressing CD11c) did not 
show an immature DC status in any of our experiments or conditions. They 
rather displayed already a mature phenotype that could not be further 
stimulated. Contrary to Mo-DCs, differentiated MUTZ-3 cells could not 
effectively respond to the stimuli and we did not find differences between 
PBS-treated cells (our negative control) and cells stimulated with LPS or 
R848 in terms of surface marker expression. While this is in accordance 
with previous studies [9,33] that support the observed unresponsiveness 

Figure 6. Differences in gene expression induced by WIV and SU are consistent in Mo-DCs 
derived from fresh and frozen/thawed PBMCs. (A,B) WIV––(blue lines) and SU––(red-lines) 
induced changes in gene expression in Mo-DCs derived from fresh (dark colors) and frozen/
thawed (light colors) PBMCs from matching donors. Cells were stimulated for 4 h (A) and 24 h 
(B). Results are expressed as mean log2 fold change compared to mock-stimulated cells (n = 
4); (C) Quantitative representation of the gene expression data. Bars represent the mean log2 
fold change in gene expression as compared to the medium control of four different donors 
+/− standard deviation.
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of MUTZ-3, others have shown responses from this particular cell line 
upon stimulation with different components of Haemophilus influenzae 
[30]. Non-reactivity of MUTZ-3 cells to LPS stimulation has been linked to 
an impairment of the intracellular domain of the receptor (TLR4) or its 
interaction with the adaptor protein (MyD88) [33]. Additionally, MUTZ-3 cells 
have been shown to be selectively defective in their responses to pathogen-
associated molecular patterns (PAMPs), but not to other types of stimulation 
(i.e., cytokines) which use different receptors and other intracellular 
signaling pathways [9]. These functional defects have been associated 
with the down-regulation of different gene clusters like those involved in 
pathogen recognition, DC maturation and cytokine/chemokine signaling 
in response to microbial stimulation [9]. We believe that dysregulation of 
these genes involved in TLR signaling pathways may explain why MUTZ-
3 failed to respond to different ligands (LPS or R848) and to vaccines in 
our hands. The use of different readouts and stimuli different from ours 
(e.g., functional assays for antigen presentation and T cell stimulation) can 
explain why this cell line has proven useful to assess to a certain extent the 
biological and functional aspects of DCs [5,27–29,31]. Notwithstanding, for our 
particular purpose, MUTZ-3 proved not to be a suitable model for studying 
responses towards different vaccine formulations. 

The restricted ability of MUTZ-3 to respond to different stimuli prompted us 
to assess in a systematic way as to what degree DCs derived from PBMCs 
would be suitable as an in vitro vaccine screening platform. So far, human 
DCs have been mainly used to study vector [35–38], adjuvanted [30,35,39] or live 
attenuated vaccines [40,41] thus mainly focusing on the mechanism of action 
of the vector/adjuvant rather than on the vaccine itself. In contrast, we 
used next to TLR ligands two commercially available, inactivated and non-
adjuvanted human vaccines known to differ in the responses they elicit in 
vivo [24,25]. Firstly, we demonstrate that in contrast to MUTZ-3 cells, Mo-DCs 
do respond to these vaccines. Secondly, we show that Mo-DCs respond 
to the vaccines in specific ways. The WIV vaccine activated Mo-DCs more 
effectively than the SU formulation. WIV efficiently elicited DC maturation, 
increasing the expression levels of surface and activation markers. The 
magnitude of the response was similar to and in some cases even higher 
than the magnitude of the response obtained by synthetic molecules like 
the TLR7 ligand, R848. Moreover, by using three different read-outs we 
found that WIV was capable of inducing upregulation of surface markers, 
and increased expression of genes relevant for the immune response and 
production of cytokines. The observed up-regulation of genes related to TLR 
signaling (MYD88, IRF7) further supports the notion that WIV stimulates 
Mo-DC by TLR7-triggering. The superiority of WIV over SU in activation of 
DCs has been previously shown by our lab for cultured DCs from mice [22]. 



 DC module

57

Due to its composition, the WIV vaccine is intrinsically adjuvanted with 
viral ssRNA; this enables triggering of pattern recognition receptors (PRRs) 
like TLR7 and the subsequent activation of DCs [13]. Conversely, SU-treated 
cells did not display a surface marker phenotype consistent with mature/
activated DCs, nor did they show any response in terms of gene expression. 
The SU vaccine is composed of proteins (HA and NA) that cannot be 
recognized by PRRs. This is consistent with the poor stimulation and low 
expression levels of surface markers observed by us.

Generally, the use of PBMCs or PBMC-derived cells is associated with 
the problem of donor variability and the fact that responses may be 
inconsistent across different readouts [11,43,44]. Recently, Li and colleagues 
[11] addressed the donor variability of immune responses to bacterial and 
fungal pathogens by assessing cytokine production. Regulation of the 
pathogen-specific responses was only partially genetically influenced, 
suggesting that external factors are also involved in the modulation of 
cytokine responses. In line with this, stimulation of MoDCs with WIV or SU 
did not show consistent effects on cytokine expression. From our results, 
we can conclude that not all readouts are suitable to pre-screen vaccine 
immunogenicity in this particular in vitro DC system. By combining the 
expression of surface/activation markers and specific genes as our main 
readouts we found consistent responses to the different vaccines across 
readouts and amongst the different donors. Additional extensive gene 
expression analysis could help to elucidate the mechanism of action of 
different vaccines. As for the production of cytokines, consistent vaccine-
specific changes in expression were induced in the Mo-DCs, despite the 
inherent donor-to donor variation [11]. Nevertheless, the presence of low 
and high responders, which differ largely in the amount of cytokines they 
secrete, renders cytokine profiling a less suitable readout for the Mo-DC 
system. 

Another disadvantage of using primary Mo-DCs for vaccine assessment 
is the limited and time-restricted availability of PBMCs. However, when 
comparing Mo-DCs from fresh and frozen PBMCs, we observed that the 
capability of the cells to respond to different stimuli was not affected by the 
freeze/thaw process. This observation underlines that frozen PBMCs can 
be used for the generation of DCs, which largely enhances flexibility and 
reproducibility. Altogether, both the here reported consistency amongst 
donors and the possibility of using cryopreserved PBMCs highlight the 
feasibility of a primary DC-based in vitro system for the evaluation of 
vaccine candidates. 
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Our data demonstrates that Mo-DCs are capable of responding to vaccines 
in measurable and consistent ways even if the vaccines are inactivated 
and non-adjuvanted. However, not all vaccines are capable of activating 
DCs. A good example of an adjuvant that does not induce DC responses is 
the oil-in-water compound AS03 that was approved for use in an integral 
part of pandemic influenza vaccines [45]. In view of this restriction there is 
a clear need to include additional types of immune cells to develop a cell-
based in vitro system that allows a more extended assessment of vaccine 
immunogenicity and a detailed study of a vaccine’s mode of action.

In summary, during the differentiation to a DC-like phenotype, the MUTZ-3 
cell line was already too activated and no further up-regulation of markers 
could be induced by any of the used stimuli. This characteristic renders the 
MUTZ-3 cell line an unsuitable model to mimic DCs. On the other hand, 
primary Mo-DCs, irrespective whether they were derived from fresh or 
frozen PBMCs, showed low variation amongst donors and proved to be 
a robust and reproducible platform to assess vaccine immunogenicity. 
We conclude that human Mo-DCs derived from frozen PBMCs are a 
flexible and robust platform for the evaluation of the immunogenicity of 
vaccine candidates and for the assessment of vaccine-induced immune 
mechanisms. 
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Abstract

Vaccine development is an expensive and time-consuming process that 
heavily relies on animal models. Nevertheless, vaccine candidates that have 
previously succeeded in animal experiments have shown to fail in clinical 
trials questioning the predictive value of animal models. Alternatives 
that enable the screening and evaluation of functional characteristics of 
vaccines are therefore needed. In this study, we have established an in 
vitro system to assess T cell responses to vaccine candidates using human 
primary cells. In these long-term cultures of unfractionated peripheral 
blood mononuclear cells (PBMCs) we evaluated and characterized the 
immune responses induced by different influenza vaccine formulations 
using multi-color flow cytometry. We show that whole inactivated virus 
(WIV), split and peptide vaccines are able to induce distinct immune 
responses in terms of immune cell activation, cytotoxicity and IFNγ 
production. In depth analyses of different T cell subsets revealed that 
the tested vaccines evoked recall responses reflected by the induction 
of immune responses in memory subsets throughout the tested donors. 
Furthermore, we observed vaccine-induced activation of T follicular helper 
cells, which are associated with induction of humoral immune responses. 
Our results highlight the power of the established PBMC-based system for 
in vitro evaluation of vaccines and vaccine candidates in a human context 
and indicate its role as a low-cost, animal-free and time-efficient tool to 
bridge the gap between animal experiments and clinical trials. 

Keywords: vaccines, in vitro, T cells, T follicular helper cells, influenza, WIV, 
split, peptides
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Introduction 

The need for vaccination to prevent infectious diseases is an indisputable 
fact, and yet vaccine development is an expensive and time-consuming 
process with only a few successful outcomes. During vaccine development, 
monitoring vaccine immunogenicity represents a key step that to 
date essentially relies on animal testing. However, the use of animals in 
preclinical studies is limited for ethical and practical reasons and inevitably 
these models can only partially reflect the vaccine-induced immune 
responses of humans [1]. As a consequence, numerous vaccine candidates 
that succeeded in animal experiments subsequently failed in clinical trials 
[2,3]. This does not only question the predictive value of animal experiments 
but also highlights the need for innovative experimental systems which 
allow to evaluate functional characteristics of vaccines in a human context 
thus bridging the gap between preclinical and clinical evaluation of 
vaccine candidates.

In vitro systems based on human cell lines or primary cells can be useful to 
determine vaccine performance and elucidate vaccine mechanisms [1,4–6]. 
Ideally, these in vitro systems should comprise multiple modules to assess 
the effect of the vaccines on different components of the immune system; 
e.g. antigen presenting cells (APCs), T cells and B cells. We have previously 
established an APC module in which we studied the effects of different 
vaccine formulations on monocyte-derived dendritic cells (DCs) [7]. In this 
paper, we focus on the T cell module, by evaluating an experimental system, 
which allows a detailed characterization of vaccine-evoked responses of 
human CD4+ and CD8+ T cells. 

Traditional culture systems for T cells either aim at determining antigen-
specific memory responses induced by previous infection of vaccination 
or attempt to induce or expand antigen-specific T cells in vitro [8–12]. For the 
determination of memory T cell responses, cells are harvested from blood, 
stimulated for a short period of time with antigenic peptides or other 
stimuli and responses are assessed by techniques like proliferation assay, 
ELISpot assay, or intracellular cytokine staining. Experimental systems for 
in vitro induction or expansion of antigen-specific T cells usually make use 
of co-cultures of isolated DCs and autologous T cells [8–10,12,13]. However, this 
is a laborious approach which involves isolation of monocytes and T cells 
from peripheral blood, differentiation of monocytes to DCs, loading of DCs 
with antigen and combination of antigen-loaded DCs with T cells derived 
from frozen PBMC fractions of the same donor [8]. Next to being time-
consuming this approach may also have limitations since it disregards the 
crosstalk with other immune cell types. 
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Here, we describe a system based on long-term cultures of unfractionated 
human peripheral blood mononuclear cells (PBMCs) to assess T cell 
responses to vaccines in vitro. Using this platform, we evaluated and 
characterized T cell-mediated responses induced by 2 different well-
characterized influenza vaccine formulations, whole inactivated virus 
(WIV) and split virus, and further validated the model for a peptide-based 
vaccine formulation. We show that vaccine-induced T cell responses can 
be evaluated and phenotyped in vitro. Activation, proliferation, cytotoxic 
potential and IFNγ responses were detected when the PBMCs were 
stimulated with WIV, split virus vaccine or influenza peptides. Phenotyping 
of the CD4+ and CD8+ T cells revealed that the vaccines elicited recall 
responses through activation of effector memory and central memory 
T cell subsets, respectively. Interestingly, we could also identify vaccine-
induced follicular T helper cell (TFH) responses. These data underscore the 
utility of the developed PBMC-based system to potentially bridge the 
gap between animal experiments and clinical trials and to assist in the 
selection of the most promising vaccine candidates for clinical evaluation.

Materials And Methods 

Virus and vaccines. 
H5N1 virus (NIBRG-14, a 2:6 recombinant of A/Vietnam/1194/2004 (H5N1) 
and A/PR/8/34 (H1N1) virus produced by reverse genetics technology) was 
obtained from the National Institute for Biological Standards and Control, 
Potters Bar, United Kingdom. WIV and split vaccines were produced as 
described before [7]. Briefly, H5N1 was propagated on embryonated chicken 
eggs and inactivated with 0.1% β-propiolactone for 24 h at 19–21⁰C, followed 
by dialysis and filtration (0.45 μm) to obtain WIV. Split virus vaccine was 
then produced, using Triton X-100 as previously described [14]. In short, Triton 
X-100 was added to WIV in the presence of Tween 80 and the suspension 
was stirred for 1 hour at 20⁰C. Detergents were removed by overnight 
rotation of the vaccine together with Biobeads (Bio-Rad) at 4⁰C. Vaccines 
where then characterized by SDS-PAGE followed by silver staining. Protein 
content was determined by Lowry assay.

Peptides. 
From a previous publication [15] we selected four different peptides 
representing influenza epitopes (2 CD4 and 2 CD8 epitopes). The peptides 
(lyophilized acetate salt; > 98.0% purity, Caslo ApS, Lyngby, Denmark) were 
derived from the NP and the M protein of influenza A H3N2 virus and were 
highly conserved across a range of influenza virus strains. The peptides were 
selected such that they could be presented by several MHC haplotypes 
(Supplementary Table 1). A commercial peptide mixture consisting of 23 
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HLA class I-restricted T cell epitopes from Cytomegalovirus, Epstein-Barr 
virus, and Influenza virus (CEF pool standard; JPT, Berlin, Germany) was 
used as positive control. 

Human primary cells. 
Human PBMCs were isolated from buffy coats from healthy volunteers 
obtained from the Dutch blood bank (Sanquin, Nijmegen, The 
Netherlands). PBMCs were isolated by density gradient using Ficoll Paque 
(GE Healthcare, Uppsala, Sweden) as previously described [7]. PBMCs were 
stored in liquid nitrogen until needed. 

In vitro stimulation using influenza vaccines and peptides. 
PBMCs were thawed in a water bath at 37⁰C as previously described [7]. Cells 
were seeded at a concentration of 1 x 106 / mL in 24-well plates in RPMI-1640 
(L-glutamine and sodium bicarbonate) (Sigma Aldrich) supplemented 
with 10% FCS, 50 µM 2-mercaptoethanol and 1% penicillin/streptomycin. 
Cells were incubated at 37⁰C, 5% CO2. On day 1, cells were stimulated with 
the different compounds (either WIV (10 mg/mL corresponding to HA), split 
(10 mg/mL corresponding to HA), influenza peptides (2.5 nmol/mL), and or 
CEF (2 mg/mL pool)). On day 5, 50% of the medium was replaced with fresh 
medium. Brefeldin A (eBioscience) was added 12 hours prior to harvesting 
for flow cytometry analysis. On day 10, cells were harvested and further 
processed for flow cytometry analysis or ELISpot. 

Multiparameter flow cytometry. 
Cells were harvested and washed using FACS buffer (1X PBS supplemented 
with 2% FCS and 1 mM EDTA), followed by staining with a fixable viability 
dye (Viobility 405/450, Miltenyi Biotec) for 15 min at room temperature. Cells 
were then fixed and permeabilized using the BD Cytofix/Cytoperm Kit (BD 
Biosciences). Briefly, cells were incubated in the Fixation/Permeabilization 
solution for 20 min at 4⁰C, followed by addition of BD Perm/Wash Buffer 
(1X). Cells were then incubated with both solutions for additional 15 min 
and then centrifuged at 350 g for 5 min (Allegra X-15R, SX 4750/SX4750A 
Beckman Coulter; Brea, California, USA). Intracellular staining with anti-
IFNγ, or anti-IL21 and anti-IL12 (Miltenyi Biotech) was performed followed 
by surface staining with antibodies to CD3, CD4, CD8, CD25, CD107, 
CCR7, CD45RO, CXCR5, and ICOS (all from Miltenyi Biotec) according to 
manufacturer’s instructions. For the proliferation assays, on day 0 cells were 
incubated with 2.5 μM carboxyfluorescein succinimidyl ester (CFSE) for 8 
minutes, washed 3 times with CFSE buffer (PBS, 10% FBS) and seeded as 
mentioned above. Cells were acquired using a FACSVerse (BD Bioscience) 
and data was analyzed using FlowLogic (Miltenyi Biotec). 
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ELISpot. 
On day 9, MultiScreen HTS IP filter plates (MabTech) were coated with 5 μg/
mL of IFNγ mAB 1-DK (MabTech) in PBS and incubated overnight at 4 °C.  
After 24 hours, plates were washed with 1X PBS and incubated with 100 
μL of X-VIVO 15 medium (Lonza) for an hour at 37⁰C with 5% CO2. Treated 
PBMCs were harvested, counted and resuspended in X-VIVO 15 medium to 
be seeded in triplicate at a concentration of 3 x 105 / 100 μL. After seeding, 
cells were re-stimulated with either WIV (10 µg/mL corresponding to HA), 
split 10 µg/mL (corresponding to HA), influenza peptides (1.25 nmol/mL), 
or CEF (2 µg/mL pool) and incubated overnight at 37⁰C, 5% CO2. 24 hours 
after stimulation, plates were thoroughly washed with PBS/Tween 0.05% 
followed by incubation with mAb 7-B6-1-biotin (1:3000, Mabtech) for 2 
hours at room temperature in the dark. Plates where then washed and 
incubated with extravidin-alkaline phosphatase (ALP) (1:1000) for 1 hour at 
room temperature. Finally, plates were washed and developed (substrate 
solution: BCIP/NBT ALP in miliQ water) for 7 minutes. The frequency of 
IFNγ producing cells was measured using an AID ELISpot/Fluorospot 
reader and analyzed with the AID ELISpot 6.0 iSpot software (Strassberg, 
Germany).

Statistical Analysis. 
Comparisons were performed using the Wilcoxon matched-pair t test, 
assuming a non-Gaussian distribution and a 95% confidence level or using 
the Friedman test with post hoc Dunnett’s multiple comparison test.  A p 
value < 0.05 was considered significant and indicated by *, ** stand for 0.01 
and *** for 0.001. Statistical analyses were performed with GraphPad Prism 
version 7.0 (GraphPad Software, San Diego, CA, USA).

Results
 
Antigen-specific T cells expand upon in vitro stimulation with WIV 
vaccines. 
To establish a PBMC-based system to assess vaccine-induced T cell 
responses in vitro, we first set out to understand the kinetics of the T cell 
responses over time. Hence, freshly thawed unfractionated PBMCs were 
rested overnight and stimulated from day 1 onwards with H5N1-derived 
WIV influenza vaccine or mock-stimulated with PBS. At different time 
points the cells were harvested for intracellular staining of IFNγ followed 
by flow cytometric analysis (see Fig S1 for gating strategy). In WIV-treated 
PBMC cultures, influenza-specific T cells were detected from day 2 
onwards although initially at low frequency. Overall, the percentages of 
IFNγ-producing T cells in WIV-treated cell cultures remained low until day 
7 but thereafter increased ~ 2-6 fold until day 10 for both CD4+ and CD8+ 
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T cells (Figure 1A and 1B). No expansion was observed in PBS-treated cell 
cultures.
 
To get a better picture of the total amount of IFNγ produced we calculated 
the integrated median fluorescence intensity (iMFI) as the product of cell 
frequency and median fluorescence intensity (MFI). As previously stated 
the iMFI depicts the total functional response of a given cytokine [16]. 
Already by day 2, we observed that CD8+ T cells produced higher amounts 
of IFNγ in WIV-stimulated than in mock-treated PBMC cultures (Figure 
1C). On subsequent days, the amount of IFNγ generated (iMFI) increased 
in WIV-stimulated cultures and was significantly higher than in PBS-
treated PBMCs for both T cell populations from day 7 onwards. On day 10, 
the total amount of IFNγ in CD4+ and CD8+ T cells in WIV-treated PBMCs 
was significantly higher than on days 2 and 5 (Figure 1C). In contrast, the 
total amount of IFNγ produced by PBS-treated cells remained similar 
throughout the experiment.

In order to determine whether the observed increase in frequency of IFNγ-
producing T cells in WIV-treated PBMC cultures was due to proliferation, 
PBMCs were labeled with CFSE and exposed to WIV, CEF pool (positive 
control for CD8 stimulation) or PBS for 10 days and analyzed by flow 
cytometry. Exposure to either WIV or PBS prompted the proliferation of 
CD4+ T cells (Supplementary Figure 2A). However, only the WIV-treated 
and not the PBS-treated PBMCs showed production of IFNγ and only in 
the proliferating fraction (Supplementary Figure 2B). In the CD8+ subset, 
WIV induced stronger proliferation than CEF and PBS. As in the CD4+ T cell 
subset, only cells stimulated with WIV (and CEF) produced IFNγ and IFNγ 
production was restricted to the proliferating fraction (Supplementary 
Figure 2C).

These results corroborated that influenza-specific responses can be 
detected in PBMCs from healthy individuals after 2 days of stimulation 
with WIV as expected. Culture of unfractionated PBMCs with WIV for a 
10-day period enabled the expansion of antigen-specific CD4+ and CD8+ T 
cells. The total IFNγ response defined as iMFI increased by a factor of 100 in 
both T cell populations. Given this observation, we decided to focus on day 
10 for the following experiments. 

T cell responses in long-term PBMC cultures are vaccine formulation-
specific. 
We next set out to perform a detailed characterization of the observed T 
cell responses. For this purpose, we used two different influenza vaccine 
formulations; WIV and split. These vaccines have the same protein content 
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but differ in their stimulatory capacity, as WIV contains RNA capable of 
signaling through Toll like receptor 7 (TLR7) while split does not [17]. WIV 
particles are also more easily taken up by APCs than split which consists 
of solubilized particles [18]. Furthermore, WIV retains membrane fusion 
properties thus favoring CTL responses [19]. We first performed an ELISpot 
assay, which is considered to be more sensitive for the detection of 
antigen-specific T cells than intracellular cytokine staining (ICS) [20]. Ten 
days after culture we observed that the PBMCs responded equally well to 

Figure 1. The frequency of antigen-specific T cells and the total amount of IFNγ produced 
increase over time. PBMCs were stimulated with PBS or WIV over a 10-day period. Cells were 
harvested at different time points after stimulation and evaluated for production of IFNγ 
by CD4+ and CD8+ T cells using flow cytometry. A. Representative dot plots depicting the 
expression of IFNγ by CD4+ and CD8+ T cells in PBMCs stimulated with WIV or PBS for 2 or 10 
days (gating as in Supplementary Figure 1). B. Percentages of IFNγ-positive CD4+ and CD8+  T 
cells at the indicated days. C. iMFI of IFNγ for PBS (grey) and WIV (purple) stimulated cells for 
CD4+ and CD8+ T cells. Each symbol represents a donor (n=5). Asterisks indicate statistically 
significant differences between days and hashes indicate statistically significant differences 
to PBS. p < 0.05 = *, ** < 0.01 and *** < 0.001

A. B.

C.
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both vaccines by displaying high numbers of IFNγ-producing cells. Only 
few background IFNγ-producing cells were observed after treatment with 
PBS. (Figure 2A).  

Having established the antigen-specific responses by ELISpot assay we 
characterized the responding T cells in more detail using ICS and multicolor 
flow cytometry. We observed that treatment with both vaccines led to a 
significantly higher number (%) of IFNγ-producing CD4+ and CD8+ T cells 
and to a higher total amount (iMFI) of IFNγ than treatment with PBS. The 
total amount of IFNγ (iMFI) induced in the CD4+ and the CD8+ T cells by 
WIV stimulation was significantly higher than that elicited by split vaccine 
(Figure 2B). Next we assessed the activation profile of the cells by checking 
the expression of the interleukin (IL-) 2 receptor α-subunit (CD25), a late 
activation marker [21]. We observed that exposure to both WIV and split 
vaccines resulted in higher percentages of CD8+ CD25+ T cells than observed 
in PBS-treated cultures while it did not affect the percentages of CD4+CD25+ 
T cells (Figure 2C). Additionally, we determined the cytotoxic potential of T 
lymphocytes by staining for the lysosome-associated membrane protein 
LAMP-1 (CD107) [22]. Intriguingly, both vaccines elicited upregulation 
of this marker not only in CD8+ but also in CD4+ cells, demonstrated by 
significantly higher percentages of CD4+CD107+ cells than in PBS-treated 
cultures (Figure 2D). Unexpectedly, split vaccine induced significantly 
higher percentages of CD4+CD107+ than WIV. 

Altogether these observations highlight the suitability of the used in vitro 
PBMC-based platform for detailed characterization of antigen-specific 
responses to different influenza vaccine formulations.

Memory T cell subsets are the main source of antigen specific responses 
in vitro. 
Classification of T cells into different memory subsets has been extensively 
used to understand the functional potential of these cells, especially in 
the context of vaccination [23–25]. On the basis of the expression of CCR7 
and CD45RO the following subsets are distinguished [26]: naïve (CD45RO-

CCR7+), central memory (TCM: CD45RO+CCR7+), effector memory (TEM: 
CD45RO+CCR7-) and terminally differentiated (TEMRA: CD45RO-CCR7-) T cells. 
In order to better understand the T cell responses evoked by exposure to 
WIV and split, we checked the induction of antigen-specific responses in 
each subset by flow cytometry.

Naïve T cells had only a minor contribution to the total IFNγ response, 
although the amount of IFNγ  produced by naïve CD4+ cells differed 
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significantly between split and PBS-treated PBMCs (Figure 3A). Stimulation 
with both vaccines led to higher amounts of total IFNγ in all three CD4+ 
memory subsets (TCM, TEM, TEMRA) and two of the CD8+ memory subsets (TCM, 
TEM) than observed in the PBS controls. Across all memory T cell subsets, 
there was a consistently higher production of IFNγ in WIV-stimulated than 
in split-stimulated PBMCs; this difference was significant for CD4 TEM, CD8 
TEM and CD8 TCM. (Figure 3A). 

Figure 2. WIV and split vaccine induce production of IFNγ, activation, and cytotoxic 
potential in CD4+ and CD8+ T cells. Human PBMCs were stimulated with WIV or split 
influenza vaccine formulations. After 10 days of culture, cells were evaluated by ELISpot and 
multicolor flow cytometry. A. For the ELISpot, cells were harvested at day 10, plated and re-
stimulated overnight. Depicted are the numbers of specific spots / 3x105 cells which represent 
the normalized data after subtracting the PBS control using the ELISpot assays (n=5). B. 
Harvested cells were stained for multicolor flow cytometry. Depicted are the percentages and 
the iMFIs of IFNγ+ cells, C. the percentages of CD25+ cells and D. CD107+ cells (n=7). CEF and 
PBS were used as internal positive and negative controls (respectively) for each individual. 
Asterisks indicate statistical significance as explained in the legend to Figure 1.
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To further discriminate and quantify the contribution from each of the 
memory subsets to the antigen-specific responses we performed a back-
gating analysis in which we phenotyped - based on CCR7 and CD45RO 
expression - the IFNγ+ population (gated as in Supplementary Figure 3B). This 
enabled us to determine to which T cell subset the IFNγ+ cells allocated. This 
is visualized in Figure 3B, where each pie represents a different condition. 
In the CD4+ T cell population, the TEM subset contributed most strongly 
to the production of IFNγ and this was independent of the stimulus (WIV, 
split, or CEF) used. Interestingly, in the CD8+ T cell population, the TCM and 
not the TEM subset was the main contributor to the IFNγ+ cell population. 

Figure 3. WIV and split vaccines induce production of IFNγ by central memory and 
effector memory T cells. A. Vaccine-stimulated PBMCs were phenotyped into naïve, TCM, TEM, 
TEMRA by staining for CCR7 and CD45RO and production of IFNγ in each subpopulation was 
assessed by ICS (for gating strategy see Supplementary Figure 3A). Depicted are the iMFIs 
indicating the total production of IFNγ induced by WIV (purple), split (blue) or PBS (grey) in 
each T cell subset for each donor (n=7). Hashes (#) indicate statistical significance compared 
to PBS-treated cultures, diaomonds (•) indicate statistical difference between WIV and split 
vaccines and asterisks indicate statistical difference between the subsets. (PBS values in the 
CD4 TEMRA subset were below detection limit). B. Representative pie charts depicting the 
contribution of naïve, TCM, TEM, and TEMRA to IFNγ production as determined by backgating 
of the IFNγ+ population (by assessing the expression of CCR7 and CD45RO of IFNγ+ cells, see 
Supplementary Figure 3B). Each pie represents a single condition (WIV, split or CEF) for one 
donor.
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Overall, these experiments led us to conclude that memory T cells - 
specifically CD4 TEM and CD8 TCM cells - were primarily responsible for the 
antigen-specific responses seen upon in vitro stimulation with WIV and 
split vaccines. 

PBMCs display antigen specific responses upon stimulation with 
influenza peptides. 
In order to validate our approach to assess vaccines in vitro, we determined 
the induction of antigen-specific responses by peptide influenza 
vaccine candidates. For this purpose we selected from a previous study 
by Wilkinson et al [15] two peptides representing CD4 epitopes and two 
peptides representing CD8 epitopes. For the peptide selection, we looked 
for those epitopes conserved across different influenza strains and to 
which responses were most frequently found in the human population. 
We first investigated whether these peptides could induce any IFNγ 
production. To this end, PBMCs were stimulated either with CD4 peptides 
(CD4 Mix), CD8 peptides (CD8 Mix), or a combination of the peptides (CD4/
CD8 Mix). PBMCs stimulated with either of the peptide mixes or with CEF 
as a positive control contained significantly higher percentages of IFNγ+ 
cells than found in PBS-treated controls for both T cell populations (Figure 
4A). We observed that the CD4 peptide mix did not only stimulate CD4+ 
but also CD8+ T cells and also the CD8 peptide mix stimulated both cell 
populations. This was in line with in silico analysis of MHC binding (using 
SYFPEITHI) which predicted promiscuity of the peptides thus that the CD4 
peptides could potentially bind to MHC-I molecules and the CD8 peptides 
to MHC-II molecules. 

We additionally characterized the T cell subsets involved in the antigen-
specific responses. Similar as found for WIV and split vaccine, either of the 
mixes induced minor responses of the naïve T cell compartment and the 
TCM and TEM subsets were the main contributors to IFNγ production (Figure 
4B). In addition, we observed higher donor-to-donor variation in response 
to the peptides than to WIV and split vaccines as is to be expected due to 
heterogeneity in HLA haplotypes in the population. Taken together, the use 
of peptide vaccine candidates in our approach validated the versatility and 
robustness of our in vitro approach to assess antigen-specific responses. 

Induction of follicular T helper cells by influenza vaccines in vitro. 
Recent studies aiming at unraveling the role of TFH cells in the context of 
vaccination have shown that expansion of this subset after vaccination can 
predict the titer of protective neutralizing antibodies at later time points 
(30). Given this, we set out to assess whether we could detect expansion 
and activation of these cells in our in vitro approach. We identified TFH 
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cells as CD4+CXCR5+ lymphocytes and assessed their activation status by 
measuring expression of Inducible T-cell co-stimulator (ICOS) alone or in 
combination with IL-21 by flow cytometry [27–30]. 

Ten days after in vitro culture, PBMC cultures stimulated with WIV or split 
vaccine contained similar frequencies of TFH cells (CD4+CXCR5+) as found 
in mock-stimulated controls (Figure 5A). However, in WIV-treated PBMCs 
a significantly higher percentage of the TFH cells displayed an activated 
phenotype (ICOS+ CD4+CXCR5+) than in mock-stimulated PBMCs (Figure 
5B). For split vaccine this effect was not observed. Accordingly, the 
percentages of CD4+CXCR5+ICOS- were lower in WIV- than in PBS-treated 
cells. Further zooming into the activated TFH (ICOS+CD4+CXCR5+) population 
revealed that many of these cells were able to produce IL-21 (Figure 5C). 
In contrast, non-activated TFH cells (ICOS-CD4+CXCR5+) were not able to 
produce this cytokine (Supplementary Figure 4A). Thus, activation was 
required for cytokine production and was achieved by stimulation with 
WIV and to a lower extent by stimulation with split vaccine. 

Figure 4. Peptides derived from influenza virus proteins stimulate the production of 
IFNγ by central memory and effector memory T cell subsets. PBMCs were stimulated with 
different combinations of influenza peptides targeting CD4+ or CD8+ T cells or with a mix 
of both. A. 10 days after culture, cells were assessed for the expression of IFNγ, depicted are 
the percentages of the cells expressing IFNγ or the iMFIs for CD4+ and C8+ T cells (n=7). B. 
Production of IFNγ  by each T cell subset (naïve, TCM, TEM, TEMRA) was assessed by determining 
the iMFI. Each symbol represents one donor. Significance was assessed by comparing each 
condition to the PBS control (n=5).  
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Altogether, these results show that TFH cells can be readily identified in 
long-term cultures of unfractionated PBMCs and can be activated by 
stimulation with appropriate vaccines. Since activated TFH cells are key to 
B cell stimulation [31–34] this result highlights the possibility to use this in 
vitro system not only to assess T cell responses but also to predict vaccine 
immunogenicity in terms of antibody responses. 

Discussion 

In this study we examined whether long-term cultures of unfractionated 
PBMCs are suitable to assess effects of vaccines on human T cells. By using 
a multicolor flow cytometry approach we observed that: 1) stimulation of 
long-term cultures with WIV induced T cell expansion and production of 
IFNγ; 2) T cells in long-term cultures responded to WIV, split and peptide 
vaccines in distinct ways with responses to WIV being most pronounced; 
3) responses were derived mainly from memory subsets, TEM for CD4+ and 
TCM for CD8+ T cells; 4) vaccines enhanced the number of activated TFH 
(ICOS+) and activated TFH producing IL-21. These results demonstrate the 
potential suitability of this long-term culture in vitro system to assess T cell 
responses to vaccines and vaccine candidates in a human setting.

Figure 5. WIV and split vaccines induce the activation and the production of IL-21 in 
TFH cells. Human PBMCs were stimulated with WIV, split and PBS-treated for 10 days. Cells 
were harvested and analyzed with flow cytometry to assess the induction of TFH cells. A. Dot 
plots show the percentage of TFH (CD4+CXCR5+) cells for each condition. B. Representative 
flow cytometry plots depict the activated (ICOS+) and non-activated (ICOS-) TFH populations 
(CD4+CXCR5+) induced by 10-day exposure to PBS, WIV or split. Following dot plots show the 
percentages of activated and non-activated TFH  in all the donors tested. C. Flow cytometry 
plots representative of the induction of IL-21 upon treatment with the different vaccines. Dot 
plots depict the percentage of cells expressing IL-21 and the iMFI of the respective population.
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We observed that strong expansion of antigen specific T cells took place 
after an initial lag phase of about 7 days. The timing of this pronounced 
expansion is in line with other publications [35–38]. However, different from 
these studies, here we observed that expansion took place even in the 
absence of exogenous cytokines (i.e. IL-2 or IL-21). This is in agreement with 
previous studies highlighting the role of TCR signaling as driving force for 
T cell proliferation [39]: TCR signaling leads to an increase in intracellular 
Ca+2 concentrations which in turn triggers IL-2 production [40,41]. Thus, we 
hypothesize that the strong T cell stimulation elicited by WIV resulted 
in exponentially increasing secretion of IL-2 over time which eventually 
allowed proliferation of the antigen-specific T cells [42]. Different from 
standard cytotoxic T lymphocyte (CTL) assays where T cell responses 
are measured 5 days after re-stimulation [43,44] using a long-term culture 
approach allowed us to assess vaccine-induced responses in vitro even 
though initial numbers of antigen-specific cells were low. 

Our results demonstrate that WIV and split vaccines induced antigen-
specific T cell responses of different magnitudes indicated by significantly 
higher amounts of total IFNγ produced in WIV-stimulated than in split 
vaccine-stimulated PBMC cultures. Similar results were found by Halbroth 
and colleagues who, using DC-T cell co-cultures, also observed an 
enhanced ability of WIV as compared to split vaccine to elicit virus-specific 
CD8+ T cell responses [11]. These results probably reflect differences in the 
stimulatory properties of the two vaccines. Although both contain the 
same proteins, they differ in their physical characteristics: WIV consists of 
intact virus particles whereas split vaccine is composed mainly of protein 
aggregates or soluble proteins [8, 11]. Due to their structure, WIV particles are 
easily taken up by APCs due to their “optimal antigen organization” [18] and 
furthermore, it retains membrane fusion properties that enable suitable 
CTL responses [19]. Additionally, WIV is intrinsically adjuvanted with viral 
single-stranded RNA (ssRNA) which through triggering of TLR7 and TLR8 
leads to activation of DCs [17,45]. In contrast, split vaccine contains only minor 
amounts of ssRNA [45,46] (although there is some inconsistency about this 
point in the literature [47]) and has therefore a reduced capacity to activate 
DCs [11]. Overall, the higher immunogenicity of WIV over split observed in 
this study is in agreement with previous reports from in vivo studies. While 
an H5N1 WIV vaccine readily induced influenza-specific CD4+ T cells in 
human volunteers [48], split vaccine at the same antigen dose (2 x 7.5 µg HA) 
did not unless adjuvanted with AS03 [49]. In order to assess the sensitivity 
of our in vitro system we additionally tested candidate influenza peptide 
vaccines, which differ from WIV and split vaccines by comprising only two 
or four antigenic epitopes. In the long-term PBMC cultures we could readily 
observe antigen-specific responses to the peptides, although these were 
of lower magnitude than those induced by WIV and split vaccines. These 
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results underline the robustness of the developed in vitro system and the 
possibility to use it to assess the relative capacity of vaccine candidates to 
elicit T cell responses. 

Our results demonstrate that long term stimulation of PBMCs with WIV, 
split vaccine or peptides generally activated memory rather than naïve T 
cells, according to expectations. Interestingly, CD4+ T cells responding to 
the vaccines mainly had an effector memory phenotype, while the CD8+ 
T cells mainly had a central memory phenotype. In accordance with our 
results, phase I clinical trials have also shown a prevalence of effector 
memory over central memory CD4+ T cell responses upon vaccination 
with split H5N1 vaccine [50]. Predominance of effector CD4+ T cells was also 
shown when PBMCs from naïve individuals were stimulated in vitro with 
live H1N1pdm09 virus [51]. The same study reports that effector memory 
cells also prevailed among the influenza-specific CD8+ T cells. In contrast, 
we found that the majority of the responding CD8+ T cells had a central 
memory phenotype. In line with our results, other authors investigating 
influenza-specific CD8+ T cell responses in vivo or in human PBMCs also 
report on predominance of CD8+ TCM rather than TEM [23,52–55]. Remarkably, 
diminished CD8+ TCM responses have been correlated with poor protection 
in older adults vaccinated with split vaccine [55]. 

Interestingly, we observed that exposure of long-term PBMC cultures to 
WIV or split vaccine, though not changing the overall frequency of TFH 
cells, significantly enhanced the proportion of  TFH cells with an activated 
phenotype (ICOS+ and ICOS+IL21+). TFH cells are required for the generation 
and maintenance of germinal center reactions in secondary lymphoid 
organs and the generation of high affinity antibodies [27,30]. Recently, 
CD4+CXCR5+ T cells were identified as the circulating counterpart of 
germinal center TFH cells [56]. Moreover, the number of activated blood 
TFH cells was found to correlate with the magnitude of newly generated 
TFH cells in secondary organs [57] indicating that the analysis of blood TFH 
subsets can help to get insight into ongoing TFH responses [58]. Studies in 
influenza-vaccinated individuals revealed that the number of ICOS+ TFH 
cells in blood peaked at day 7 post immunization and correlated with an 
increase of pre-existing antibody titers and with the generation of high-
avidity antibodies [31,32]. Activated circulating TFH cells can thus serve as a 
biomarker for vaccination success [34]. Conversely, activation of antigen-
specific TFH cells in vaccine-exposed long-term PBMC cultures as observed 
by us can likely be considered as an indication for the capacity of a vaccine 
to stimulate TFH cells and thus antibody production in vivo. Yet, parallel in 
vitro and in vivo studies are required to determine whether this is indeed 
the case.
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A possible limitation of our study and the described in vitro vaccine 
evaluation system is that it relies on the use of human PBMCs which 
has often been associated with the issue of donor variability and thus 
inconsistency in the results [59,60]. In our study, PBMCs of all donors responded 
in a similar way, although not always to the same extent. As mentioned 
above, an important issue will be to reveal whether responses to vaccines 
as observed in the long-term PBMC cultures correlate with responses 
the vaccines elicit in the donors in vivo. For such a direct validation, data 
from pre-vaccination PBMC samples will need to be compared to data 
from post-vaccination PBMC samples as well as antibody titers and T 
cell responses. Nevertheless, the correlation between the effectiveness of 
different vaccines to activate T cells in our in vitro system and in in vivo 
trials is reassuring that the PBMC cultures deliver meaningful results.

Using long-term cultures of PBMCs we established an in vitro system, 
which enables us to assess and to characterize human T cell responses 
to vaccines and vaccine candidates. Importantly, the system allows to 
zoom into vaccine effects on TFH cells which could be predictive for vaccine 
immunogenicity in terms of antibody responses in vivo. As such, the 
described system can serve as a simple, robust, low-cost, animal-free and 
time-efficient tool to bridge the gap between animal experiments and 
clinical trials. 

Conslusion

Development of vaccines for clinical use is time-consuming and expensive 
since results obtained in animal experiments are often poorly predictive 
for vaccine performance in humans. Here we describe a model system 
consisting of long-term cultures of unfractionated human PBMCs for 
assessing T cell responses to vaccines in detail. The system allows to 
compare the stimulatory capacity of different vaccine types, to identify 
responding T cell subpopulations (naive, TCM, TEM, TEMRA) and to determine 
their cytokine production profile and cytotoxic potential. In addition, the 
system is suitable for measuring vaccine effects on T follicular helper cells 
which have been described in vaccinees as an early correlate of humoral 
immune responses. Given these properties, the newly developed in vitro 
system can be used to get insight in effects and working mechanisms of 
candidate vaccines in a human immune cell context and thus assist in 
selection of the most promising candidates for further clinical evaluation.  
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Supplementary Figures

 A.

Supplementary figure  1. Gating strategy for IFNγ, CD25 and CD107 in CD4+ and CD8+ T cell 
subsets.  Overnight rested-PBMCs were stimulated with WIV, split, CEF or PBS-treated for 10 
days. A seven-color flow cytometry panel was used to assess the expression of CD25, CD107 
and IFNγ in the CD4+ and CD8+ T cells. 
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Supplementary figure  2. WIV induces the expansion of IFNγ-producing CD4+ and CD8+ 
T cells. CFSE-treated PBMCs were incubated with WIV (purple), CEF (positive control, yellow) 
or PBS (negative control, grey) for 10 days. A. Representative proliferation histograms (left) 
and percentage of proliferating cells in the investigated donors (right) B. Representative 
histograms showing the gating of the IFNγ+ population in the proliferating fraction for WIV 
and PBS-treated PBMCs (left). Percentage of IFNγ+ CD4+ and CD8+ T cells in the proliferating 
fraction (right) (n=3). C. Representative plots depicting the induction of IFNγ in the CFSELOW 
(proliferating) and the CFSEHIGH (non-proliferating) population. 
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Supplementary figure  3. Gating strategies for the discrimination of different T cell 
subsets and their production of IFNγ. A. A seven-color flow cytometry panel was used to 
assess the expression of CCR7, CD45RO and IFNγ in human PBMCs. B. Backgating analysis; 
starting from the IFNγ+ cells, cells were phenotyped based on their expression of CD45RO and 
CCR7. C. FMO controls for the discrimination of IFN+  responses. D. CCR7 and CD45RO isotype 
controls to define the different T cell naïve and memory subsets 
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Supplementary figure  4. A. Non-activated TFH cells (ICOS-CD4+CXCR5+) do not produce IL-21. 
TFH that displayed a non-activated phenotype (ICOS-), were also not able to produce IL-21. B. 
Gating strategy for the discrimination of TFH cells. A six-color flow cytometry panel was used to 
assess the expression of CXCR5, ICOS and IL-21 in human PBMCs. C. FMO controls were used 
to set the gating strategy to define activated- and IL-21-producing TFH cells. 
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Supplementary figure  5. Isotype controls used in this study. Grey depicts isotype staining 
and blue the actual staining. All antibodies used in this work where REAffinity® Miltenyi 
antibodies, these are recombinant antibodies with the same IgG1 isotype, hence depicted are 
all the colors used in the experiments. 

Peptide Protein Amino acid 
position

CD4/CD8 Length

LKREITFHGAKEIALSY M 103-119 CD4 16

TYQRTRALVRTGMDPRM NP 147-163 CD8 16

EALMEWLKTRPILSPLTK M 40-57 CD8 17

RMCNILKGKFQTAAQRAM NP 221-238 CD4 17

Supplementary Table 1. Peptide’s information
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Panel 1. Activation, cytotoxicity 
and IFNγ of T cells 

Live/Dead -  Pacific Orange

CD3 – Pacific Blue

CD4 – APCCy7

CD8 – PerCPCy5.5

IFNγ – PeCy7

CD25 – PE

CD107 - APC

Panel 2. T cell subsets and IFNγ

Live/Dead - Pacific Orange

CD3 – Pacific Blue

CD4 – APCCy7

CD8 – PerCPCy5.5

IFNγ – PeCy7

CCR7 – PE

CD45RO - APC

Supplementary Table 2. Overview of antibody panels used for flow 
cytometry.

Panel 3. TFH

Live/Dead -  Pacific Orange

CD3 – Pacific Blue

CD4 – APCCy7

ICOS-PerCPCY5.5

CXCR5-PeCy7

IL-21-PE

IL-12-APC
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Abstract

Results from pre-clinical and clinical studies with influenza vaccines 
derived from different virus subtypes suggest that there may be subtype-
specific differences in vaccine immunogenicity. However, proper head-
to-head studies of vaccines produced from different virus subtypes 
in a consistent way are lacking, making firm conclusions on subtype-
specific immunological properties difficult. In this study, we performed 
a systematic comparison of vaccines derived from H1N1, H3N2, H5N1 and 
H7N9 influenza virus strains by assessing their physicochemical properties 
and by evaluating their immunological effects on reporter cell lines, human 
dendritic cells (DCs) and T cells and in naïve mice. When using whole 
inactivated virus (WIV) vaccines, requiring minimal processing of the virus, 
we observed physical differences among the virus subtypes with respect 
to zeta potential and to the degree of aggregation, with H5 displaying 
the most negative zeta potential and the lowest tendency to aggregate 
and H1 and H3 the highest. We also detected intrinsic differences in 
immunogenicity in vitro as well as in vivo. These differences were highly 
enunciated, and results depicted the H5 strain as the most immunogenic 
and the H7 strain as the least immunogenic. For subunit vaccines, 
differences were less pronounced and more variable across readouts than 
observed for WIV. Nevertheless, also for subunit, H7 stood-out as the least 
immunogenic amongst the virus subtypes. Overall, we demonstrate that 
vaccines derived from different influenza virus subtypes differ in their 
physico-chemical and immunological properties. Notably, in vitro and in 
vivo properties of the vaccines correlated well, with H5 showing the least 
aggregation and the highest level of immunogenicity. This inventory of 
subtype vaccine characteristics gives important insights which can be 
used to improve the immunological properties of vaccines. 

Keywords: Influenza, H1N1, H3N2, H5N1, H7N9, vaccines, whole inactivated 
virus, subunit, immunogenicity 
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Introduction

Influenza is an acute respiratory disease caused by influenza A and, to a 
lesser extent, influenza B viruses. The infection not only affects the upper 
respiratory tract including nose and throat, but also the bronchi and 
occasionally the lung parenchyma. Influenza virus, in particular influenza 
A virus, is highly variable as it can accumulate mutations in the surface 
glycoproteins hemagglutinin (HA) and neuraminidase (NA) resulting 
in antigenic drift causing yearly epidemics, or can acquire new types of 
HA and NA through reassortment resulting in antigenic shift causing 
occasional pandemics [1,2]. Epidemics have a significant socio-economic 
impact worldwide while pandemics form a serious threat for population 
health [3–6].

Vaccination is the most effective way for prevention and control of influenza 
infections [7].  Accordingly, the rapid availability of effective vaccines is 
paramount to control new influenza pandemics [8]. Previously, it has been 
demonstrated that new virus strains can differ in their immunogenicity 
[9–16]. This has important repercussions during the development of vaccines 
as it determines the amount of antigen required to achieve adequate 
protection [9–15]. The observed differences in immunogenicity among virus 
subtypes in humans have been attributed to different levels of cross-
reactive immunity induced by previous infections [17–21]. However, it is 
also plausible that they are due to intrinsic differences among influenza 
virus subtypes [22]. Notwithstanding, the reasons for the immunological 
differences are poorly understood due to a lack of direct comparisons 
using vaccine formulations produced in a consistent manner. 

Here we performed a head-to-head comparison using four different 
influenza virus subtypes (H1N1pdm09, H3N2, H5N1, H7N9) and two 
different vaccine formulations, whole inactivated virus (WIV) and subunit 
vaccine, prepared using standardized procedures. We characterized the 
physico-chemical properties of these vaccines in vitro and assessed their 
immunological properties in Toll-like receptor (TLR)-expressing reporter 
cell lines, human DCs and T cells, and in naïve mice. We argued that 
WIV, produced by inactivation of egg-grown virus with β-propiolactone 
without any further processing, would reflect virus-intrinsic differences, 
while subunit vaccine, produced from inactivated virus by detergent 
solubilization of the viral membrane followed by removal of the 
nucleocapsid, would reflect virus-intrinsic as well as processing-induced 
differences. Our results demonstrate that WIV derived from the different 
virus strains differed markedly in appearance and ability to induce innate 
and adaptive immune responses with H5 WIV being the most and H7 WIV 
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being the least immunogenic. For subunit vaccines, these differences 
were less pronounced than for WIV vaccines, yet the SU H7 vaccine was 
again depicted as the least immunogenic. The insights gained through 
this head-to-head comparison of vaccines derived from different influenza 
virus subtypes will be helpful for improving the immunogenicity or 
influenza vaccines.

Materials and Methods

Virus and Vaccines
The following virus strains were used in this study: NIBRG-121xp, a reassor-
tant prepared by reverse genetics from A/California/7/2009 (H1N1pdm09) 
virus and A/PR/8/34(H1N1); X- 31, a conventionally produced reassortant of 
A/Aichi/68 (H3N2) and A/PR/8/34); NIBRG-23, a reassortant of A/turkey/Tur-
key/1/2005 (H5N1) (in which the polybasic HA cleavage site was excised) and 
A/PR/8/34; and NIBRG-268 (H7N9), a reassortant of A/Anhui/1/2013(H7N9) 
and A/PR/8/34. All virus strains were propagated in embryonated chick-
en eggs and inactivated with 0.1% β-propiolactone following the standard 
NIBSC protocol to produce WIV. Subunit vaccine was prepared by solubiliz-
ing the inactivated virus (0.8 mg virus protein/ml) in HBS buffer containing 
Tween 80 (0.6 mg/ml) and hexadecyltrimethylammonium bromide (CTAB, 
3.0 mg/ml) for 3 h, at 4 °C under continuous stirring, followed by removal 
of the viral nucleocapsid from the preparation by ultracentrifugation for 
30 min at 50,000 rpm in a TLA100.3 rotor at 4 °C. Detergents were then re-
moved by overnight absorption onto Biobeads SM2 (634 mg/ml, Bio-Rad, 
Hercules, Canada) washed with methanol prior to use. 

Protein content was determined by a modified Lowry assay [23]. Phospho-
lipids were extracted according to the Bligh and Dyer method [24] and in-
organic phosphate was determined as measure for the phospholipid con-
tent [25].
 
For determination of the RNA content, RNA was extracted from 190 μl 
samples (to which 10 μl internal control, phocine distemper virus (PDV), 
was added) using the NucliSense EasyMag (bioMérieux, Lyon, France). 
PCR was performed in a total reaction volume of 25 μl using 10 μl RNA, 
1xTaqMan® Fast Virus 1-Step Master Mix (Applied Biosystems, Foster City, 
CA, USA), 800 nM forward (5´AAGACCAATCCTGTCACCTCTGA 3´), 600nM 
reverse primer (5´CAAAGCGTCTACGCTGCAGTCC 3´) and 200 nM probe for 
influenza A (5´TTGTGTTCACGCTCACCGTGCC 3´) and DNase/RNase free 
water (Sigma). Reactions were run on an ABI7500 real-time PCR machine 
using a program of 2 min 50 °C, 20 s 95 °C, followed by 45 cycles of 3s 95 °C 
and 32 s 60 °C. The concentration of viral cDNA in copies/ml and thus the 
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number of genome containing particles (GCP) was determined for influ-
enza A by comparison with a serially diluted plasmid standard of known 
concentration included on each 96 well plate.  All PCR analyzes were kindly 
performed by the Clinical Virology Unit, Department of Medical Microbiol-
ogy & Infection Prevention, UMCG. 

The haemagglutinin protein concentration in the WIV and SU vaccines 
was determined by single radial immunodiffusion following the protocol 
as lined out by the WHO’s Expert Committee on Biological Standardisa-
tion [26]. Endotoxin levels were determined by a quantitative chromogenic 
Limulus Amebocyte Lysate assay; all vaccines met the requirements of the 
European Pharmacopoeia standard ≤ 200 IU/mL.

Cryo EM 
WIV vaccine samples were analyzed using cryo-electron microscopy on a 
FEI Tecnai T20 electron microscope operating at 200 keV. A small droplet 
of whole inactivated virus suspension was placed on a holey carbon coated 
grid (Quantifoil 3.5/1) and blotted and vitrified in a Vitrobot (FEI, Eindhoven, 
NL). Frozen hydrated samples were observed at low temperature using a 
Gatan model 626 cryo stage. Images were recorded on a slow scan CCD 
camera under low-dose conditions.

Dynamic light scattering (DLS) and zeta potential measurements. 
Influenza WIV vaccine particle size and zeta potential were measured by 
a Mobius Zeta Potential and DLS detector in combination with an Atlas 
flow cell pressurization system (Wyatt Technology, Santa Barabara, US). 
Approximately 250 uL of WIV vaccine was injected into the Mobius cell 
via the Atlas injection port. To avoid any bubbling 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 (532 nm) with a detector angle 
of 163.5° at a temperature of 25 ⁰C. 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. The size 
distribution was expressed as the polydispersity percentage. Although 
arbitrary, the level of homogeneity of the sizes of the vaccine particles 
was consider high when the polydispersity was < 15% and low when the 
polydispersity was > 30% (as defined by the manufacturer of the Mobius).  

RAW-Blue™ cells and HEK-Blue™ hTLR7 assays 
TLR reporter cell lines from mouse (RAW-Blue™ cells) and human (HEK-
Blue ™ hTLR7) origin (Invivogen) were propagated according to the 
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manufacturer’s instructions. 50.000 cells/well were seeded in a 96-well 
plate and stimulated with serial 2-fold dilutions of WIV vaccines prepared 
from the different influenza virus strains (starting concentration 10 µg/ml). 
After overnight stimulation, 50 µl of supernatant were harvested, added 
to 150 µl of QUANTI Blue (Invivogen) and absorption at 630 nm was read 
after 1 hour of incubation at 37 °C in an ELISA reader. R848 (Invivogen) was 
used as a positive control and values are reported as the percentage of 
activation relative to the response at 1 µg/mL of R848.

In vitro stimulation of human monocyte-derived DCs (MoDCs) 
Monocytes were isolated from peripheral blood mononuclear cells (PBMCs) 
and differentiated into MoDCs as previously described [27]. Briefly, monocytes 
were isolated from PBMCs using an immunomagnetic negative selection 
kit (MagniSort™ Human pan-Monocyte Enrichment Kit, Thermofisher). 
Monocytes were seeded at a density of 5 X 105 / mL and cultured with 
RPMI-1640 medium (L-glutamine, HEPES) supplemented with 10% FCS, 
1% penicillin/streptomycin, GM-CSF (450 U/mL) and interleukin-4 (IL-4) 
(500 U/mL) (both cytokines from ProsPech, Revohot, Israel). Medium was 
refreshed with new cytokines every 2 days for 6 days. After differentiation, 
MoDCs were stimulated for 24 hours with WIV H1, WIV H3, WIV H5, WIV 
H7 (the amount of WIV used was equivalent to 10 μg/mL HA), R848 (5 
μg/mL; Invivogen, Toulouse, France), as positive control or PBS, as mock-
stimulation control. 24 hours after stimulation cells were harvested with 
FACS buffer (1X PBS supplemented with 2% FCS and 1 mM EDTA). 

Immunophenotyping of stimulated MoDCs 
Cells were stained for viability with the fixable dye, Viobility (Viobility 
405/452m Miltenyi Biotec, Bergisch Gladbach, Germany). After 15 min of 
incubation at room temperature cells were washed and fixed for 20 min at 
4⁰C in the dark with 4% paraformaldehyde (Merck Darmstadt, Germany). 
Cells were washed and stained for 15 min at room temperature in the dark 
with the following antibodies: CD14-PerCP-Vio770, CD11c-APC-Vio770, 
CD80-PE, CD86-PE-Vio770, HLA-DR-VioBlue (all antibodies from Miltenyi 
Biotec). Flow cytometry was performed using a FACSVerse (BD Bioscience). 
Data was analyzed using FlowLogic (Miltenyi Biotec).

In vitro stimulation of PBMCs 
Non-fractionated PBMCs were seeded at a density of 1 X 106 / mL with 
RPMI-1640 medium (L-glutamine, HEPES) supplemented with 10% FCS, 
1% penicillin/streptomycin and rested overnight. On day 1, cells were 
stimulated with the different WIV vaccines (10 μg/mL corresponding to HA) 
and medium as negative control. On day 5, medium was refreshed and on 
day 10, cells were harvested to assess T cell responses by flow cytometry. 12 
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hours before harvesting, Brefeldin A (eBioscience) was added as a protein 
inhibitor. 

Immunophenotyping of stimulated T cells 
Harvested cells were then washed using FACS Buffer and stained for 
viability using a fixable viability dye (Viobility 405/450, Miltenyi Biotec) for 
15 min at room temperature, washed, fixed and permeabilized using the 
BD Cytofix/Cytoperm Kit (BD Biosciences) for 20 min at 4 ⁰C, according 
to the manufacturer’s instructions. Intracellular staining was performed 
with IFNγ-FITC and TNFα-PE antibodies followed by surface staining with 
CD3-PacificBlue, CD4-APC-CY7 and CD8-Per-CPCy5.5 antibodies (all from 
Miltenyi Biotec). Cells were acquired using a FACSVerse (BD Bioscience). 
Data was analyzed using FlowLogic (Miltenyi Biotec).

Mice and vaccination 
Animal experiments were evaluated and approved by the Central 
Committee for Animal Experiments (CCD), The Netherlands, according 
to the guidelines provided by the Dutch Animal Protection Act (approval 
AVD105002016530). Female F1 hybrids of BALB/c and C57BL/6 (6 per 
experimental group) were intramuscularly injected with 50 µl of PBS 
containing a total of 1 µg hemagglutinin protein of either WIV or SU 
vaccine formulation. At 21 days after immunization, sera were collected 
and a second immunization was performed, 7 days later (day 28) sera and 
spleens were collected for evaluation.

Hemagglutination inhibition (HAI) assay 
Serum samples were pre-heated at 56 °C for 30 min to inactivate serum 
proteins. After cooling down, 75 µl of the processed serum samples were 
treated with 225 µl of Kaolin for 30 min at room temperature followed by 
centrifugation at 1500 rpm for 10 min. The supernatant was collected and 
applied to a V-bottom 96-well plate for 2-fold serial dilutions. The same 
volume of each influenza virus dilution containing 4 haemagglutination 
units of virus was added to each well and allowed to incubate for 40 
min at room temperature. 50 µl of 1% guinea pig erythrocytes were then 
added to each well and the plate was incubated for another 2 h before 
reading. The titer was determined as the highest serum dilution at which 
hemagglutination inhibition was visible. The 2log HAI titers for individual 
mice are presented.

Microneutralization (MN) assay 
Microneutralization assays were performed as follows, twofold serial 
dilutions of sera were added to 50 TCID50 of each virus and incubated for 2 
hours at 37 °C. Mixtures of serum and virus were then added to MDCK cells 
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in 96‐well plates. After 1 h incubation at 37 °C, culture supernatants were 
replaced by medium supplemented with 6 μg/ml of TPCK trypsin and cells 
were incubated for an additional 72 hours. Supernatants were harvested 
and tested for hemagglutinating activity. The highest dilution of serum 
preventing virus infection was taken as the MN titer.

Isotype ELISA 
For detection of virus‐specific serum antibodies of different isotypes, 
microtiter plates (Greiner, Alphen a/d Rijn, the Netherlands) were coated 
with 0.2 μg of influenza subunit vaccine in 100 μl of 0.05 M carbonate–
bicarbonate coating buffer (pH 9.6–9.8) per well, overnight at 37 °C, 
followed by blocking with 2% milk in coating buffer for 45 minutes at 37 
°C. After washing with coating buffer and 0.05% Tween 20/PBS (PBS/T), 
100 μl of serum diluted in PBS/T was applied in duplicate to the first well 
and serial twofold dilutions were made. A subsequent incubation for 1.5 
hours at 37 °C was followed by washing and incubation with 100 μl of 
horseradish peroxidase conjugated goat anti‐mouse IgG‐isotype antibody 
(Southern Biotech) for 1 hour at 37 °C. Plates were washed and stained 
with o-phenylenediamine dihydrochloride commercially known as OPD 
(Sigma-Aldrich, St. Louis, USA). Absorbance at 492 nm (A 492) was read 
with an ELISA reader (Bio‐tek Instruments, Inc.). After subtraction of 
background levels, serum antibody concentrations were calculated. IgG 
titers were calculated as the (10log of the) reciprocal of the sample dilution 
corresponding to an OD492 of 0.2. For calculation purposes, sera with titers 
below the detection limit were assigned an arbitrary titer corresponding to 
half of the detection limit.

Calibration plates for IgG1 and IgG2a assay were coated with 0.1 µg goat 
anti-mouse IgG (SouthernBiotech, Alabama, USA). Standard curves were 
generated by adding increasing concentrations of purified mouse IgG1 or 
IgG2a (SouthernBiotech, Alabama, USA) to the plates. Average IgG1 and 
IgG2a responses for each group are given as concentrations (µg/ml) of 
influenza HA-specific IgG1 and IgG2a.

IFNγ and IL-4 ELISPOT assay 
IFNγ and IL-4 producing T cells specific to each of the strains were detected 
by ELISPOT assay using a murine ELISPOT kit (Mabtech AB, Nacka Strand, 
Sweden). Single cell suspensions were prepared from isolated spleens and 
250,000 splenocytes per well were added to the antibody-coated plates in 
triplicate. Cells were incubated overnight at 37 °C with 5% CO2 in Iscove’s 
Modified Dulbecco’s Medium (IMDM) complete medium (Gibco Life 
technologies BV, Bleiswijk, The Netherlands) in the presence or absence 
of 10 µg/ml of SU vaccine. IFNγ and IL4-producing cells were detected as 
per manufacturer’s protocol. The developed plates were analyzed with 
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an automated ELISPOT scanning analysis system (A.EL.VIS, Hannover, 
Germany). Results are presented as number of spots in peptide-stimulated 
wells corrected for number of spots in non-stimulated cells.

Statistical analysis 
Significant differences in the read-outs for the different WIV strains were 
determined using a 1-way ANOVA (Friedman test and Dunn’s multiple 
comparison tests). A p value of p < 0.05 was considered significant. 

Figure 1. Cryo – EM images, hydrodynamic diameter and zeta potential of different WIV 
vaccines. Cryo-EM images (magnification of 62000 x) of the WIV vaccines A) H1, B) H3, C) H5 
and D) H7. All vaccine preparations were evaluated by dynamic light scattering to asses the 
E) hydrodynamic particle size distribution and F) the zeta potential.
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Statistical analyses were performed using GraphPad Prism version 8 for 
Windows (GraphPad Sofware, La Jolla, California, USA www.graphpad.
com). For the principal component analysis (PCA), outcomes of all mouse 
experiments (HAI, MN, ELISA and ELISpot) were collected into one table 
and imported into RStudio (v3.6.0). Prior to PCA analysis, metadata (strain, 
vaccinetype) was removed from the main table and subsequently z scores 
were calculated for each feature. For the visualization of the PCA analysis, 
individual samples were labelled according to their available metadata 
(strain, vaccinetype).

RESULTS

WIV vaccines derived from different virus strains differ in physicochemical 
properties
All four virus strains went through the same process of purification 
and inactivation with β-propiolactone and subsequently protein, HA, 
phospholipid and RNA content were determined and ratios with respect 
to total protein were calculated (Table 1). The ratio of HA to total viral 
protein was rather similar for H1, H3 and H7 vaccines but was considerably 
lower for H5 vaccines. Since all vaccines showed the same level of purity on 
Coomassie- and silver-stained gels (not shown) it can be concluded that 
the H5N1 virus particles contained less HA relative to other viral proteins 
than the other virus strains. Some variation was also observed for the 
phospholipid/protein ratio were the H7 virus particles showed the lowest 
ratios while the H1 and H3 the highest. As for the GCP/protein ratio the 
H5 virus particles displayed the lowest ratios when compared to the rest 
(Table 1).

Table 1. 
Phisical feature (ratio) H1 H3 H5 H7

HA/protein 0.30 0.35 0.17 0.38

Phospholipids/Protein 0.658 0.363 0.107 0.038

GCP / Protein 4.64x108 7.06x108 1.63x108 6.70x108

Cryo EM revealed typical influenza virus particles with an expected diameter 
of about 150 nm and prominent spikes extending from the surface for all 
four virus strains (Figure 1A-D) [28]. While many aggregates were found in H1 
and H3 WIV preparations (Figure. 1A, B), the preparation of H5 WIV (Figure 
1C) was very clean and consisted of well separated single virus particles. 
H7 WIV contained next to intact virus particles also ‘split’ particles, visible 
as pieces of spike-covered membranes, possibly indicating damage 
of the virus during the purification process (Figure 1D). Dynamic light 
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scattering (DLS) confirmed in H1 and H3 WIV preparations the presence of 
aggregates with a hydrodynamic diameter of 2000-3000 nm in addition to 
viral particles with the expected size of 100-200 nm (Figure 1E) while such 
aggregates were completely absent in H5 and largely absent in H7 WIV 
preparations. Accordingly, the polydispersity percentage (%PD) was > 50% 
for H1 and H3 WIV, which indicates a lower level of homogeneity between 
the vaccines’ particle sizes compared to H7 WIV (%PD = 23.6 ± 0.39%) and 
H5 WIV (%PD = 16.6 ± 1.75%) (Table 2). In line with the aggregation status, 
H5 WIV displayed the highest negative zeta potential and thus the lowest 
tendency of particles to aggregate, followed by H7 WIV (Figure 1F).

WIV vaccines derived from different virus strains diverge in their 
stimulatory capacity on mouse and human cell lines
After assessing the physicochemical characteristics of the different WIV 
vaccines, we evaluated their ability to activate cells in vitro. As SU vaccines 
lack pathogen associated molecular patterns (PRRs) and are thus unable 
to activate cells [29] only the WIV vaccines were taken along for these 
experiments. First, we assessed the effect of the vaccines on two reporter 
cell lines; the mouse RAW-Blue™ and the human and HEK-Blue™ hTLR7 
cell lines. In the mouse cell line, WIV vaccines from H5 and H7 viruses 
induced notable stimulation, the H1 vaccine showed poor stimulatory 
capacity and the H3 vaccine hardly any (Figure 2A). In the human HEK-
Blue™ hTLR7 cell line, we also observed a concentration-dependent level 
of activation; H3, H5 and H7 induced a rather similar level of activation while 
the H1 WIV vaccine was incapable of successfully activating the human cell 
line (Figure 2B) at any of the concentrations used.

All WIV subtypes induce MoDC activation and T cell-antigen specific 
responses in vitro in human primary cells, but to different extents
We further analyzed the effects of the WIV vaccines derived from different 
influenza subtypes on MoDCs. In these experiments we analyzed the 
capacity of the vaccines to upregulate the expression of different activation 
markers by flow cytometry, using R848 and PBS as positive and negative 
control, respectively. After 24 hours of stimulation, we observed that all 
influenza WIV vaccines induced significant upregulation of at least one of 
the activation markers when compared to the PBS control (Figure 3). This 
upregulation is consistent with an activated DC phenotype. However, the 
induction of these markers was somewhat different among the vaccine 
subtypes (Figure 3). While the H5 vaccine displayed the strongest capacity 
among the vaccines to upregulate MHCII and CD86 (significant between 
H5 and H3 for CD86), the H1 vaccine was superior in the ability to upregulate 
the CD80 marker (significant between H1 and H7). Overall, we observed a 
certain level of donor-to-donor variation, reflected in the spreading of the 
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data. Such variation was observed not only in the cells stimulated with the 
subtype vaccines but also in cells stimulated with the positive control, thus 
highlighting the potential heterogeneous expression of PRRs in humans 
as previously reported [30]. To conclude, we found that exposure of MoDCs 
to the different subtype vaccines consistently resulted in activation of the 
cells but induced distinct response patterns with respect to activation 
marker expression.

Table 2. Polydispersity index
Vaccine Subtype % polydispersity index (%PD)

WIV H1 >50% !

WIV H3 >50% !

WIV H5 16.6 ± 1.75

WIV H7 23.6 ± 0.39

SU H1-H7 > 50% !

Next, we assessed the effect of the different subtype WIV vaccines on T 
cells. To this end, we used unfractionated PBMCs which were stimulated in 
a long-term culture approach followed by determination of the production 
of IFNγ and TNFα by CD4 and CD8 T cells using flow cytometry (Tapia-Calle 
et al, submitted). After 10 days of stimulation, we observed that all WIVs had 
induced the activation of T cells to about equal levels, which was reflected 
by the enhanced frequencies of cytokine-producing T cells (Figure 4). We 
used the integrated MFI (iMFI) as an additional metric to assess the total 
amount of cytokines being produced. In CD4 T cells, all WIV subtypes 
induced the production of IFNγ and TNFα to levels significantly higher 
than observed in the mock-stimulated control, PBS (Figure 4). There 
were no significant differences in the amounts of cytokines induced by 
the different vaccine subtypes. In the CD8 T cells, the H5 subtype vaccine 
induced the highest frequencies of CD8 T cells producing IFNγ and TNFα 
and the highest amounts of both IFNγ and TNFα; these amounts were 
significantly higher than those induced by the H3 and the H7 vaccines.

Thus, all WIV subtype vaccines induced the production of IFNγ and TNFα 
by human CD4 and CD8 T cells, with H5 WIV being most potent in this 
respect. 

H5 WIV vaccine is superior in inducing antibodies and cellular responses 
in vivo
We next determined whether the differences in physico-chemical 
properties and in vitro stimulation of antigen presenting cells and T cells 
translated into immunological differences in vivo. For this purpose, naïve 
C57Bl/6-Balb/c F1 mice were immunized with either WIV or SU vaccine 
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prepared from the different virus subtypes. We argued that WIV, requiring 
only inactivation of the virus particles but no further processing, would 
allow us to assess intrinsic differences in virus immunogenicity. Use of SU 
vaccine on the other hand, could give information whether (additional) 
differences in immunogenicity are introduced during the processing 
steps. Sera collected on day 21 and day 28 were used for determination of 
antibody responses by HAI and MN assay, and by ELISA (IgG, IgG1, IgG2c). 
Splenocytes were used to assess T cell responses by IFNγ and IL-4 ELISpot. 

Immunization with any of the WIV vaccines reliably induced HAI 
antibodies against the virus used for immunization, with titers to H5 being 
significantly higher than those to H1 and H7 virus. H7 WIV was also a very 
poor inducer of virus neutralizing antibodies (as measured by MN assay), 
while the other three virus subtype vaccines performed equally well in this 
respect (Figure 5A-B). The subunit vaccines were generally less potent in 
raising HAI and MN titers than the corresponding WIV vaccines but again 
H5 vaccine elicited relatively high and H7 vaccine elicited very low levels of 
HAI and MN antibodies.

IgG titers to WIV vaccines largely reflected the HAI and MN titers, with IgG 
titers to H5 WIV vaccine being significantly higher than those to H1 (day 21) 
and H7 (day 21 and 28) WIV (Figure 5C). This was not the case for IgG titers 
evoked by SU subtype vaccines which did not show a clear correlation 
with HAI and MN titers and did not differ much for the different subtypes, 
except for the fact that H7 subunit gave the lowest titers (Figure 5C). We 
additionally checked for the type of antibody response. As expected, we 
found that WIV vaccines favored the induction of IgG2c antibodies over 
IgG1a while subunit vaccines elicited IgG1 antibodies (to even higher levels 
than WIV vaccines) but hardly any IgG2c antibodies (Figure 5D-E). For the 
WIV vaccine formulations, there were no significant differences among 
IgG1 and IgG2c antibodies elicited by the different subtypes, but the H7 

Figure 2. WIV vaccines derived from different virus strains diverge in their stimulatory 
capacity on mouse and human cell lines. RAW-Blue™ cells and HEK-Blue™ hTLR7 cells 
were stimulated with WIV at different 2-fold dilutions (10, 5, 2.5 and 1.25 μg/mL) for 12 h. 
Subsequently, 50 µl of supernatant were added to 150 µl of detection medium, for assessment 
of NF-κB-induced production of the reporter protein.
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vaccine induced the lowest IgG1 as well as IgG2c titers. Regarding the 
subunit vaccines, the H1 vaccine induced a significantly higher amount 
of IgG1 and somewhat higher amount of IgG2a at day 28 than the other 
subtypes which had about equal effects.

Next to the humoral responses we also evaluated vaccine-induced T cell 
responses. For this, splenocytes of immunized mice were collected on day 
28 after immunization, re-stimulated in vitro with matching SU vaccines 
and cytokine production was assessed by ELISpot. H5 WIV and H5 subunit 
vaccine were more potent inducers of IFNγ as well as of IL-4 producing T 
cells than the other vaccines. However, differences were significant only 
in comparison to H3 vaccines which were the poorest T cell stimulators 
(Figure 6).

In order to get a better overview of the differences in immune stimulation 
among the vaccine formulations derived from the different influenza virus 
subtypes, we summarized the results of the different immunological read-
outs in a heatmap (Figure 7). From this heat map, two main messages 
can be extracted. First, overall, WIV vaccines were superior to subunit 
vaccines in inducing humoral and cellular immune responses to influenza 
and induced a TH1 type of response (high IgG2a, little IgG1) in contrast to 
subunit vaccines which induced a TH2 type of response (little IgG2a, high 
IgG1).  Second, there are intrinsic differences in immunogenicity among 
the influenza virus subtypes. Among the WIV vaccines on the one hand 
and the subunit vaccines on the other hand, H5-derived vaccines induced 
the strongest immune responses, followed by H3 and H1 vaccines with 
an intermediate immunogenicity, placing the H7 vaccines as the least 
immunogenic of the four subtypes tested.

Figure 3. WIV vaccines derived from the influenza virus subtypes H1, H3, H5 and H7 
differ in their capacity to induce upregulation of activation markers in Mo-DCs. Human 
monocytes (from 9 different donors) were differentiated into dendritic cells using GM-CSF 
and IL-4 for 6 days. Mo-DCs were then stimulated with H1, H3, H5 and H7 WIV vaccines for 24 
hours. To assess activation, cells were harvested and analyzed by flow cytometry. R848 and 
PBS were used as internal positive and negative control respectively (n=9). Asteriks indicate 
significant differences between the vaccines. Hash symbols indicate significant differences 
between the vaccines and and PBS. p < 0.05 = *, ** < 0.01 and *** < 0.001
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To get further insight in the in vivo immunogenicity data, we performed a 
principal component analysis (PCA) (Figure 8). In the PCA, the first dimension 
(Dim1 axis), which explains 42.5% of the variance, clearly separated WIV 
(filled circles) from SU (hollow circles) formulations. Interestingly, all of the 
WIV subtypes separated from the SU formulation subtypes except for the 
WIV H7 vaccine; highlighting its poor immunogenicity. WIV formulations 
seemed to form rather distinct clusters, with the H5 WIV being the most 
distant from all the subunit formulations. As for the SU subtypes, variance 
could not separate any of the subtypes into a discrete cluster, underlining 
not only the low immunogenicity of these vaccines but also the loss of 
intrinsic differences among them.

Lastly, we analyzed the data from the in vitro and in vivo readouts together 
to evaluate in how far they are in line and in how far the in vitro assays are 
thus predictive for immune responses in vivo (Figure 9). For this, we included 
the activation markers (MHII, CD86) measured on MoDCs, the cytokines 
(IFNγ and TNFα) assessed by intracellular staining (ICS) on the T cells and 
some of the readouts (MN, HA, IFNγ  and IgG) measured in the mouse 
experiments after immunization with WIV. The immunological responses 
to H5 and H7 vaccines observed in the in vitro assays (left columns) were 
rather consistent with the results from the in vivo observations (right 

Figure 4. The magnitude of the antigen specific responses measured in vitro is influenced 
by the type of influenza subtype. Human PBMCs were stimulated with different H1, H3, H5 
and H7 WIV, 10 days after culture, cells were evaluated by flow cytometry. Harvested cells 
were stained for CD4, CD8, TNFα and IFNγ. Depicted are the frequencies and the iMFIs of 
TNFα+ and IFNγ+ cells. PBS was used as internal negative controls for each individual. Asteriks 
indicate significant differences between the influenza virus subtypes. Hash symbols indicate 
significant differences between each vaccine and PBS  (n=6). p < 0.05 = *, ** < 0.01 and *** < 
0.001
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Figure 5. Vaccine strains and vaccine formulations differ in their ability to induce 
antibodies in mice. Mice were immunized with H1, H3, H5, H7 –WIV or -SU (5 μg HA on day 1 
and day 21) intramuscularly. Sera were then tested for A) HAI titers and B) MN titers against 
the virus strain used for vaccination. Antibodies induced by the different influenza subtypes 
and vaccine types were assessed by ELISA, 21 and 28 days after immunization and booster (5 
μg HA on day 1 and day 21) intramuscularly.  ELISA plates were coated with SU vaccine of each 
strain, followed by  incubation with 2 fold serial dilutions of mice serum previously vaccinated 
with the matching strain. HRP anti mouse specific antibodies were used to determine the 
titers. C) Total IgG, D) IgG1, E) IgG2C. Bars represent mean titers ±SEM of six mice per group. 
***P < 0·001; Kruskal-Wallis test. Depicted mean titers ±SEM of six mice per group. ***P < 0·001; 
Kruskal-Wallis test

A.

C.

D.

E.

B.
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columns). As for the H1 and H3 WIV, both in vitro and in vivo readouts 
showed that these subtypes had an overall higher immunogenic potential 
than the H7 but lower than the H5 WIV. In general, this heatmap shows 
that in vitro responses correlated well with the responses found in vivo.

Discussion 

In this study we performed a head-to-head comparison of vaccines 
derived from different influenza virus subtypes (H1N1, H3N2, H5N1 and 
the H7N9), using WIV and subunit vaccine formulations. We found that; 1) 
WIV vaccines prepared from the different virus subtypes differed in their 
physical characteristics; 2) immunological properties determined using 
in vitro and in vivo readouts varied amongst the different virus subtype 
vaccines; 3) WIV formulations distinctively depicted the H5 strain as the 
most immunogenic and the H7 strain as the least immunogenic; 4) SU 
formulations displayed less differences in immunogenicity than observed 
for WIV formulations.

Physical characteristics grouped the different influenza viral subtypes into 
2 distinct profiles; avian virus subtypes (H5 and H7) and seasonal virus 
subtypes (H1 and H3). Avian virus subtypes showed a trend towards large 
zeta potentials, hence, a repulsion behavior. Seasonal virus subtypes on 
the other hand, displayed lower zeta potentials, thus a bigger tendency 
to aggregate. Indeed, these virus subtypes showed a 1000X increase in 
aggregate size as compared to H5 and H7. It is well-known that pH and 

Figure 6. Influenza H5 WIV induces the highest cellular responses in terms on IFNγ 
and IL-4 production. Splenocytes were harvested and processed on day 28 after a second 
immunization on day 21. Single cell suspension splenocytes were stimulated with matching 
SU subtype overnight and IFNγ and IL-4 producing T cells were assessed by ELISpot assay. 
Each symbol represents one mouse (n=6). Asterisks indicate statistical significant differences 
between conditions. p < 0.05 = *, ** < 0.01 and *** < 0.001 Asterisks indicate statistical significance. 
Kruskal-Wallis test
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salt conditions affect the tendency of influenza virus to form clusters [31]. 
However, differences in pH and salt conditions can be ruled out here since 
all preparations were prepared and kept in the same buffer. Another factor 
influencing aggregation is the presence of genomic DNA (from the chicken 
embryo cells in which the virus was propagated) [31]. We did not measure 
the DNA content of our preparation and thus do not have evidence that 
DNA played a role in the clustering nor can we rule out that it did. It has 
also been discussed that virus aggregation might actually be a functional 
property of viruses allowing them to protect themselves from inactivation 
through environmental agents or from neutralizing antibodies [32]. While 
this is a property which can certainly differ among virus strains it will be 
difficult to prove that it does.

Next, we assessed whether the physical differences of the influenza 
virus subtype vaccines correlated with differences in their capacity to 
activate antigen presenting cells (APCs). Our data reveals that H5 and H7 
WIV, mainly consisting of relatively small particles, were more potent in 
stimulating mouse RAW-Blue™ cells than H1 and H3 WIV preparations 
which contained many large virus particle aggregates. In line with these 
results, studies assessing the effect of size on immunogenicity have shown 
that nanosized particles (20-200 nm) are more efficiently taken up by APCs 
than bigger particles ranging between 0.5-5 um [33–36]. Yet, a correlation 
between small size and potent stimulation was not observed for HEK-
Blue™ hTLR7 or human primary cells. Thus, additional characteristics 
besides size are likely playing a role in the stimulatory capacity of the WIV 
vaccines in the human setting. 

Unexpectedly, the effects induced by the different WIV subtype vaccines 
varied for the two cell lines and the human primary cells. In the mouse 

Figure 7. Heat map visualization shows distinct immunological signatures between the 
influenza virus subtypes in WIV and subunit vaccine formulations. Mice were immunized 
with H1, H3, H5 or H7 –WIV or –SU as previously indicated. After immunization, sera, blood 
and spleens were collected. Data collected was used as input to plot a A) WIV and a B) SU 
heatmap. Each column represents the averaged response to different readouts. Rows depict 
each influenza subtype tested. Heatmap ranges from white (lowest response) to dark blue 
(highest response).
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RAW-Blue™ cells, successful stimulation was restricted to the H5 and 
the H7 subtypes while in the human HEK-Blue™ hTLR7 cells also H3 WIV 
induced activation. Moreover, H1 WIV did not impose effective stimulation 
in either cell line but this was different for human primary Mo-DCs, where 
H1 WIV was quite potent in upregulating CD80 and CD86. Differences 
between the human cell line and primary human DCs can be explained 
by the fact that HEK-Blue™ hTLR7 cells express only TLR7, while primary 
human Mo-DC can express a bigger array of pattern recognition receptors 
(i.e. NOD-like and RIG-like receptors) [37–39] and can thus respond to other 
triggers than viral single stranded RNA alone. The mouse RAW-Blue™ cells 
do express a multitude of pattern recognition receptors including RIG-, 
NOD-, TLR-, RLR- and CLR-like ones [40]. However, it is known that mouse 
PRRs, particularly TLR-like receptors, differ functionally from those of 
humans. For instance, murine TLRs show a different specificity to natural 
and synthetic TLR ligands (i.e. R848 and CpGs) than human TLRs [41,42]. 

TLR7 is an endosomal receptor; its triggering by viruses requires virus 
fusion and uncoating from the endosomal compartments such that the 
viral RNA can get access to the receptor [43]. It has been shown that higher 
order structures in the viral genomic RNA (vRNA) determine the potency 
of the RNA to trigger TLR7 [44]. Interestingly, the structural organization of 
the vRNA differs among influenza virus subtypes [45]. For instance, H1 vRNA 
has fewer higher order structures than H3, H5 and H7 vRNA. Given that the 
HEK-Blue™ hTLR7 cells rely only on the TLR7 receptor for stimulation, this 
could explain the lack of stimulation of these cells by H1 WIV. 

Comparison of the different WIV virus subtypes in mice showed clear-cut 
differences in immunogenicity between the H5 and the H7 vaccines with 
the H1 and H3 vaccines being in between. Low immunogenicity of the H7 
vaccine has been previously reported; in clinical trials, non-adjuvanted 
H7N9 split vaccines displayed poor immunogenicity [46,47]. In the same line, 
a recent study comparing H1, H3 and H7 WIV vaccines in BALB/c mice, 
showed that H7 WIV induced significantly lower HAI and neutralizing 
antibody titers than H1 and H3 vaccines [48]. However, in contrast to our 
results, IgG responses (as measured by ELISA) elicited by the 3 vaccine 
virus subtypes were comparable; similarly, Blanchfield and colleagues 
found minor differences in IgG responses induced by H1, H3 and H7 HA 
(but low immunogenicity of H7 in terms of HAI titers) [49]. Discrepancies 
between these results and ours could be associated with the coating 
conditions used for the ELISA; we used SU vaccines which contained 
both HA and NA while Kamal et al. [48] and Blanchfield et al. [49] only used 
HA. Differences among the different subtype vaccines in the capacity to 
induce NA-specific antibodies might thus explain why our result diverge 
from the earlier published ones [50]. 
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When assessing the effects of the different subtype vaccines on human 
T cells in vitro, we observed that all WIV vaccines stimulated CD4 T cells 
equally well. All vaccines also activated CD8 T cells, although H5 WIV showed 
a high and H7 WIV a relatively low capacity to induce production of IFNγ 
and TNFα by these cells. This result demonstrates that humans possess 
T cells, probably induced by previous exposure to H1 and/or H3 viruses or 
vaccines, which cross-react with H5 and H7. Similar results have also been 
reported by others [51–56]. H7 WIV was somewhat less potent in stimulating 
CD4 T cells and clearly less potent in stimulating CD8 T cells than the other 
vaccines. De Groot and colleagues [57] used immunoinformatic tools and 
found that the T cell epitope content of H7 is lower than that of other HAs 
and H7 also contains fewer conserved T cell epitopes shared with other 
strains which is in line with our observations. 

In agreement with the high immunogenicity of the H5 WIV vaccines 
observed in our study, different clinical trials using the WIV formulations of 
this virus subtype reported high MN and antibody titers using 7.5 mg of cell 
culture-derived WIV vaccine antigen [58]. Other clinical studies using the 

Figure 8. PCA analysis of the in vivo immune responses to WIV and SU vaccines reveals 
vaccine formulation- and virus subtype-related differences. In vivo immune responses 
were used as PCA variables. Filled points represent WIV and hollow points subunit vaccine. 
Blue, green, purple and orange represent H1, H3, H5 and H7 respectively. Each dot represents 
one mouse.
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Figure 9. Heatmap correlation of in vitro / in vivo readouts depicts matching outcomes 
in the immunological responses of virus subtypes. Data from in vitro and in vivo responses 
was used as input and conditional formatting was used to generate this heatmap. Columns 
represent the average of each immunological readout. Rows correspond to the different 
influenza virus subtypes. Heat map ranges from white (lowest response) to dark blue (highest 
response).

same amount of antigen in a pediatric population show a good induction 
of MN titers in 100% of the participants after the second immunization 
[59]. Additionally, studies making use of adjuvanted H5N1 WIV reported a 
single immunization with a low doses of 6 µg to induce protection [60]. This 
adjuvanted low dose vaccine was licensed in 2007. When compared to 
other vaccine formulation, H5 WIV vaccines have always shown superiority. 
In a study comparing adjuvanted WIV and split H5 vaccines, 5 µg of WIV 
induced higher responses than 10 µg of split [61]. 

A limitation of the current study is that we used only one strain of each 
virus subtype. However, our results are in line with earlier published 
data implying that the observed differences in immunogenicity are not 
merely strain-specific but rather representative for the virus subtype. 
Nevertheless, it would be interesting to evaluate in how far differences in 
immunogenicity are indeed found for other virus strains belonging to the 
same virus subtypes as used in this study. 

Taken together, this study demonstrates that WIV vaccines derived from 
different influenza virus subtypes differ in their appearance as well as in 
their capacity to stimulate APCs and T cells in vitro and to induce immune 
responses in vivo and that these properties are in line with each other 
and are also reflected by subunit vaccines, though to a lower extent. Yet, 
the immunogenic properties of the vaccines did not correlate with their 
physico-chemical properties: H5 WIV had a rather low HA and RNA content 
but was rather immunogenic while H7 despite a high HA content was 
poor in inducing HA-specific immune responses. These results imply that 
vaccine immunogenicity is determined by virus strain-specific intrinsic 
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properties. A deeper understanding of these properties will be highly 
important for future vaccine design. 
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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



 Coupling vaccines to nano and micro particles

119

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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Discussion

Much of the current knowledge we have about vaccines comes from 
studies in animal models, mainly murine models. While fundamental 
immunological concepts derived from studies using inbred, knock out, 
and transgenic mice have been pivotal to extend our understanding of 
immune responses, there are multiple reasons to favor the development 
and use of animal-free alternatives (Box 1).

Box 1. Reasons to look for animal-free alternatives

As of 2010, the European Union (EU) adopted a new legislation concerning 
the “protection of animals used for scientific purposes” (Directive 2010/63/
EU). This was mainly based on the 3Rs principle to replace, reduce, and 
refine the use of animals for scientific research. This legislation also 
encourages the development and implementation of alternative methods 
for animal testing [1]. 

In the context of vaccine development, the use of alternatives to animal 
models does not mean the complete replacement of animal testing, but 
rather the inclusion of auxiliary platforms that can aid in the screening 
of vaccines and vaccine lots. For example, identifying vaccines with low 
immunogenic potential by employing animal-free alternatives would 
contribute to the use of fewer animals. Vaccine-related use of animal 
models is not only restricted to vaccine development but also includes 
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the monitoring of the production processes of new vaccines and quality 
control prior to vaccine batch release. This translates into a constant need 
of animals in order to check the quality of routinely produced vaccine 
lots (e.g., diphtheria, tetanus, pertussis, Tick-borne encephalitis virus and 
polio vaccines) [2]. In the context of vaccine development and production, 
in vitro systems can be extremely valuable as they represent an animal-
free alternative to assess quality, predict responses and help in elucidating 
immunological and cellular mechanisms of vaccines and adjuvants. 

Given the increased need for alternatives, the ultimate goal of this thesis 
was to establish a human cell-based system to assess immunological 
responses to vaccines in vitro. We envisioned an approach in which we 
could dissect different parts of the immune response by focusing on 
different types of immune cells. Using monocyte-derived dendritic cells 
(MoDCs) generated from human peripheral mononuclear cells (PBMCs), 
we first established an in vitro platform addressing vaccine-evoked innate 
immune responses. Subsequently, we developed a platform which allowed 
us to assess adaptive responses, more specifically T cell-mediated immune 
responses. We then assessed the performance and suitability of the 
established platforms by comparing and evaluating immune responses 
to different types of vaccines. Lastly, we determined how the responses to 
selected vaccines observed in the human in vitro system related to in vivo 
responses as measured in mice. Figure 1 is a graphical summary of the 
main results obtained from the establishment of our in vitro system, also 
referred as vaccine evaluation system (VES).

Establishing the in vitro system
To develop a vaccine evaluation system (VES), we first focused on innate 
immune responses using antigen presenting cells (APCs). The innate 
immune system is the first line of defense against pathogens and its 
cellular component is composed of different cell types (i.e., DC, monocytes, 
macrophages and natural killer cells) equipped with receptors to sense 
“non-self” microbial components [3,4]. These cells do not only play a key 
role in controlling the spread of pathogens; but more importantly create 
an optimal environment for the generation of antigen presentation with 
the upregulation of co-stimulatory molecules (i.e., MHCII, CD80, CD86). 
Moreover. they secrete cytokines and chemokines (i.e., IFNγ, TNFα, IL-
12, IL-4, IL-10, CCL-21, CXCL-12, CCR7), that enable the activation and 
differentiation of adaptive immune players, T and B cells [5,6]. DCs are 
known to be professional APCs, hence pivotally connect the innate and 
adaptive responses and crucially determine the magnitude and type of 
the adaptive immune responses [7–9]. 
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Previously, the use of APCs from cell lines and primary cells has allowed 
assessing innate immune responses in vitro, enabling to understand and 
model basic immunological responses e.g., the differentiation process 
of monocytes into APCs [10,11]. The use of APCs has been studied as an 
alternative to the use of animal testing for vaccine registration and batch 
release. These studies have primarily focused on bacterial vaccines (i.e., 
pertussis and Haemophilus influenzae) and have favored the use of cell 
lines over primary cells. The authors claimed that the use of cell lines 
has the advantage of avoiding safety issues due to unknown infectious 
pathogens potentially present in blood. Another reason they state is the 
reproducibility, as opposed to the intrinsic donor-to-donor variation found 
in primary cells [12,13]. Human primary DCs, on the other hand, have been 
used to study viral vector vaccines [14–17] and adjuvanted vaccines [12,14,18]. 
These studies, however, have mainly focused on the mechanism of action 
of the vector or adjuvant and not on the intrinsic characteristics of the 
vaccines themselves. Hence, we investigated in Chapter 2 whether MoDCs 
could serve as a cellular platform to assess and dissect the immunological 
properties of vaccines in vitro by using two commercially available non-
adjuvanted vaccines; namely WIV and SU vaccines.

In establishing this platform, our first choice was to use cell lines as opposed 
to primary cells, since the first ones are fast and easy to use, cell availability is 
not a concern and reproducibility is expected to be high. However, even the 
most promising DC-like cell line, MUTZ-3 [19–25], was found to be unsuitable 
for our purposes. Therefore, we turned to MoDCs generated from human 
primary cells. Despite the laborious process to isolate and differentiate 
cells into DCs, human primary cells have the advantage of retaining many 
characteristics of the cells in vivo. And although using primary DCs brings 
the possible disadvantage of donor to donor variation, it also gives the 
opportunity to capture human heterogeneity. In testing the MoDCs, we 
found that in contrast to the MUTZ-3 cell line, these cells were a suitable 
platform for screening immunogenic properties of vaccine candidates. 
MoDCs exposed to WIV and SU vaccines readily displayed vaccine-specific 
response patterns, reflected in different readouts. WIV could successfully 
stimulate the expression of genes associated with viral immune responses 
including MYD88, IRF7, and STAT1, upregulate co-stimulatory molecules on 
the DC surface like MHCII, CD80 and CD86 and induce the production of 
cytokines, whilst SU displayed a rather poor capacity to induce such innate 
immune responses. Notably, the effects of WIV and SU on human DCs in 
vitro were in concordance with those previously reported in vivo for mouse 
DCs [26] and from clinical studies [27,28]. Lastly, we showed that freshly isolated 
and freeze-thawed PBMCs could be used for MoDCs generation and both 
performed equally well. This indicates that it is possible to cryopreserve 
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batches of PBMCs for later use and the repetition of tests, thereby greatly 
increasing the practical feasibility of a MoDC-based vaccine evaluation 
system. 

The established MoDC-based in vitro platform can recapitulate vaccine-
specific activation patterns upon stimulation. By allowing to capture the 
human heterogeneity, this platform represents a useful tool to assess 
vaccine-induced mechanisms and to estimate in vivo responses to novel 
vaccine formulations. 

Having established a platform suitable to dissect innate responses to 
vaccines, the next logical step was to focus on the adaptive immune 

Figure 1. A human cell-based system to assess innate and adaptive immune responses 
in vitro. Focusing on innate responses, we found that; 1. Human primary monocyte-derived 
DCs are a more suitable platform to assess the stimulatory properties of vaccines than the 
MUTZ-3 cell line; 2. The use of MoDCs enables the discrimination between high and low 
immunogenic influenza vaccines (WIV and SU) when measuring different parameters 
(surface markers, gene expression, and cytokine production); 3. Freshly isolated and frozen/
thawed PBMCs are equally suitable for the generation of MoDCs and respond to vaccines in 
similar ways. To characterize and assess adaptive responses, we established a system making 
use of long-term cultures of whole PBMCs. Upon stimulation with different vaccines, this 
system enables the; 4. Expansion of vaccine-specific T cell responses over time; 5. Evaluation 
of the capacity of vaccines to induce activation of and expression of cytotoxicity markers and 
IFNγ production by T cells; 6. Phenotyping of responding T cell subsets (naïve, TCM, TEM, and 
TEMRA); 7. Evaluation of the induction of TFH responses. Image created with Biorender.
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responses, as these develop subsequently after DC stimulation. Different 
from innate immune responses, which are quickly generated upon 
encounter of a pathogen but are unspecific [29], adaptive responses 
develop slowly, yet they are specific and build-up immunological memory 

[30,31]. The ultimate goal of vaccination is the generation of antigen-specific 
(memory) immune responses. To achieve this, vaccines mimic the events 
that take place during infection. Adaptive responses are divided into T 
cell-mediated and antibody responses [32,33]. For many infectious diseases 
(i.e., HIV, malaria, tuberculosis, hepatitis and influenza), T cell-mediated 
responses have shown to be an important requirement for optimal 
immune protection [34–42]. A T cell-inducing vaccine should ideally be able 
(among others) to activate and generate cells than can recognize and kill 
infected cells. However, vaccines should not only induce effector T cells like 
cytotoxic T lymphocytes (CTLs) and proper memory T cells; but also, induce 
proper CD4 responses, by eliciting the right type of T helper response (i.e., 
TH1, TH2). Additionally, vaccines should also provide enough stimulation 
for the activation of TFH responses. The magnitude and quality of these 
TFH responses have a direct effect on the generation and maintenance 
of germinal centers required for proper B cell activation and thus, the 
generation of high-affinity antibodies [43–46].

Given these facts, in Chapter 3, we developed an in vitro platform to assess 
vaccine-induced T cell responses. Traditionally, T cell responses to vaccines 
have been studied in vitro using DC-T cell co-cultures where DCs are 
generated from (human) PBMCs, pulsed with antigen and later brought in 
contact with autologous T cells [47–51]. This is, however, a rather tedious and 
time-consuming procedure. We therefore studied, whether vaccine effects 
on T cells could also be measured in long-term cultures of unfractionated 
PBMCs. Next to being simple and straightforward, this approach enables 
the cross-talk of multiple immune cell types, which might be beneficial for 
optimal T cell responses. 

Using this in vitro platform, we observed that influenza antigen-specific T 
cells present in human PBMCs, when stimulated with suitable vaccines, 
expanded over time, adopted an activated phenotype and started to 
produce IFNγ and the cytotoxicity marker CD107. Given the fact that 
our blood donors had most likely been exposed to influenza before we 
assumed that the responding cell population would have been memory 
T cells. Indeed, characterization of the responding T cells revealed that 
they almost exclusively expressed the memory marker CD45RO with the 
majority of CD4 T cells being of the effector memory phenotype and the 
majority of the CD8 T cells being of the central memory phenotype. This 
result is well in line with responses to influenza vaccines observed in vivo  
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[52–57]. Remarkably, we also detected a response of circulating TFH cells to 
vaccines in terms of an increase in the frequency of ICOS+CD4+CXCR5+ cells 
and induction of IL-21 production in this cell population. The number and 
activation status of circulating TFH cells early after vaccination is known to 
be indicative of later antibody responses [43–46] and the possibility to study 
vaccine effects on this cell population in vitro is thus highly relevant. Using 
WIV and split influenza vaccine, we observed that the T cells in our in 
vitro system responded in distinct ways to different vaccine formulations 
bearing the same antigens. Both vaccines were equally potent in activating 
CD4+ and CD8+ T cells and TFH cells and in inducing IFNγ production in 
CD4+ T cells. However, WIV was superior to split vaccine in activating IFNγ 
production in CD8+ T cells, especially in TCM and TEM. This was well in line 
with our expectations since WIV is known to be a potent activator of DCs 
as shown in Chapter 2 and has the capacity to directly deliver antigen to 
the cytoplasm from where it can fuel into the MHC class I presentation 
pathway [58].

Thus, the developed in vitro platform for the assessment of T cell responses 
to vaccines can provide detailed information about vaccine effects on 
various T cell populations, including TFH cells, which are decisive for antibody 
responses. As such, the platform can be a valuable tool for assessing vaccine 
mechanisms in vitro and for selecting promising vaccine candidates, at 
least if the vaccines contain antigens to which blood donors likely have 
memory T cell responses. 

Applying and validating the in vitro system 
 As reported from preclinical and clinical trials, influenza vaccines derived 
from different virus subtypes differ in immunogenicity [23,42–45]. Virus strain-
related differences in immunogenicity have important consequences for 
vaccine formulations as they might necessitate adjusting the amount of 
antigen or the addition of an adjuvant to achieve adequate protection [59–

65]. Previous work, reports intrinsic features of the respective vaccines to 
account for the observed strain-specific differences in immunogenicity 
[66]. These studies however, did not employ vaccines which had been 
produced in a consistent way; hence, an adequate comparison could not 
be performed and a proper elucidation of the immunological differences 
between influenza virus subtypes remained to be performed. In Chapter 
4, we set out to exploit the potential of our previously established in vitro 
system to evaluate and compare vaccines derived from different influenza 
virus subtypes.

For this purpose, we performed a head-to-head comparison of WIV and SU 
vaccines derived from H1N1pdm09, H3N2, H5N1 and H7N9 influenza virus 
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subtypes produced under standardized conditions. Using a systematic 
approach, we first focused on the physicochemical characteristics of the 
vaccines; subsequently, we evaluated their immunological properties 
using in vitro and in vivo approaches. Concerning WIV, our comparisons 
showed clear-cut physicochemical and immunological differences that 
enabled the discrimination of high (H5N1), intermediate (H1N1pdm09, 
H3N2) and low (H7N9) immunogenic influenza virus subtypes. Yet, 
differences concerning SU vaccines were less noticeable. By comparing 
the immunological effects of the different virus subtype vaccines in vitro 
and in vivo, we further assessed in how far the established in vitro platforms 
(Chapter 2 and 3) could recapitulate the in vivo responses. Notably, results 
of both in vitro and in vivo readouts correlated well. 

In conclusion, through this head-to-head comparison, we gained valuable 
insights into the intrinsic differences between vaccines derived from 
different influenza virus subtypes. This comparison will help improve poorly 
immunogenic influenza vaccines as future experiments can now focus on 
the use of alternative vaccine modalities, e.g. adjuvants that can improve 
immunogenicity. We additionally corroborated the suitability of our in 
vitro system as promising animal free-alternatives for vaccine screening 
and evaluation.

Lastly, Chapter 5  describes the use of the T cell in vitro platform to assess 
whether vaccine immunogenicity can be improved by using particulate 
delivery systems and manipulating the particle size. As shown by others [67,68] 
and confirmed by us in Chapter 2, subunit vaccines, consisting of soluble 
proteins, are poorly immunogenic. The use of adjuvants can improve 
immunogenicity. Adjuvants are classified into immunopotentiators 
and particulate delivery systems; both assist in inducing and modifying 
immune responses [69–71]. Particulate antigen delivery systems consist of 
particles ranging from nano- to micrometer size that can accomplish the 
delivery and presentation of bound or encapsulated antigens to APCs 

[72]. Interestingly, different studies have shown the possibility to steer the 
type of immune response (TH1, TH2) by manipulating the size, shape or 
rigidity of particulate delivery systems [73–76]. Here, we investigated in how 
far manipulation of size affects antigen uptake by human moDCs and 
stimulation of human T cells, the latter using the previously established T 
cell platform. 

For this purpose, we used two different vaccines, influenza SU and 
Hepatitis B (HBsAg), to assess the effect of coupling vaccines to nano- 
or micro-polystyrene particles (0,5 and 3 μm) on the immune response. 
Microscopical observations depicted that nano- and microparticle-coupled 
vaccines, as well as unconjugated vaccines, could be taken up by DCs 
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with an apparent similar efficiency. Nevertheless, employing our in vitro T 
cell evaluation platform, we observed that influenza vaccine coupled to 3 
μm particles was somewhat more immunogenic than unconjugated SU 
influenza vaccine. This was reflected in an increased number of CD8+ T cells 
producing cytokines and in the total amount of cytokines produced. In 
contrast, coupling of HBsAg to beads did not affect the magnitude of the 
T cell responses, except that the frequencies of IFNγ- and IL10-producing 
T cells were slightly higher when the antigen was coupled to 3 µm beads. 
All our blood donors most likely had been exposed to influenza several 
times and thus their PBMCs contained memory T cells which could rapidly 
respond to encounter of influenza vaccine in vitro. In contrast, the donors 
were most likely naïve for Hepatitis B. Nevertheless, we could still detect 
T cell responses to HBsAg in some of our donors, albeit at low frequency. 
This indicates the versatility of the developed in vitro platform to assess not 
only vaccine effects on memory T cells but also the capacity of vaccines 
to activate naïve T cells. Yet, the experimental setup did not allow us to 
discriminate whether the observed responses were mediated by naïve or 
memory T cells. Thus, further experiments are still needed to corroborate 
the induction of naïve antigen-specific T cell responses upon in vitro 
stimulation with HBsAg and other de novo antigens.

Taken together, size modification of influenza and Hepatitis B vaccines 
displayed a measurable but rather small effect on the induction of T cell 
responses. Although we did find a significant effect of coupling of influenza 
SU to 3 µm beads on the amounts of certain cytokines produced by the 
stimulated T cells, the biological relevance of this is questionable since the 
magnitude of the effect was small. Our results might also indicate that 
particle size is of minor importance for downstream immune responses in 
human PBMCs.

Gaps, challenges and opportunities

Gaps
In the context of research and development of vaccines, there are three 
key needs; 1) antigen selection and vaccine design; 2) novel technologies 
and routes of administrations; 3) clinical studies and data interpretation 

[77]. In this context, the use and further development of the in vitro vaccine 
evaluation platform presented in this thesis would be an exciting approach 
to help solving one of these needs: antigen selection and vaccine design.

Unraveling the mechanisms of infection and host-pathogen interactions 
is paramount for a rational vaccine design. Many infectious diseases for 
which we do not have efficient vaccines yet, display very complex dynamics 
that hamper the design of long-term protective vaccines. Examples of this 
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include pathogens like influenza, dengue, tuberculosis and malaria that 
exhibit complex pathogenesis, wide-ranging variability and have evolved 
different strategies to evade the immune system [78–80]. Finding a vaccine for 
these pathogens would require to test a significant pool of antigen targets 
in order to find protective responses. Hence, a rational vaccine approach 
should be based on a clear understanding of the immunogenicity of 
potential key antigens and their interaction with the host. Recognizing the 
human innate and adaptive responses to specific antigens is thus key to 
select and design effective vaccines. 

In this context, VES, which focusses on innate (DCs) and adaptive (T cells) 
responses could potentially serve three purposes; 

Select vaccines 
By comparing different vaccine formulations using cells of the same 
donors, VES allows evaluating whether one vaccine formulation is better 
than another one. It allows the comparison of vaccines more easily than 
in animal experiments and clinical trials. Furthermore, it permits the 
evaluation of vaccine candidates in donors from different contexts (i.e., 
sex, age, ethnicity, health status). For example, it would facilitate testing 
different vaccine formulations in particular target groups, e.g. the 
elderly, which would be challenging to do by means of clinical trials. 

Reveal vaccine mechanisms and ways to achieve the needed 
protective responses
Using VES we can address the characteristics and functions of potent 
immunogens and evaluate approaches to steer towards specific 
immune responses. On the one hand, we can reveal the mechanistic 
nature of the protective immune response by dissecting innate 
immune pathways (including involved PRR, surface markers, cytokine, 
chemokines) activated and/or induced by different types of vaccines. 
Moreover, we can evaluate the possibility of steering the phenotype (i.e., 
TH1, TH2) of an existing immune response to favor efficient protection. 
For instance, by assessing earlier identified pathways related to the 
activation of the innate immune system in PBMCs of young vs. elderly 
individuals, we could reveal mechanistic differences between the cell 
patterns of these two target groups. 

Assess vaccine quality 
For many vaccines, the use of animal models to verify vaccine batch 
quality is still mandatory. Surprisingly, the number of animals required 
for these purposes outnumbers that used for scientific research [81]. 
Currently, there are several initiatives to make such experiments 
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oblivious by following a ‘consistency approach’ [82–84], this means the “in-
process” monitoring during vaccine production rather than focusing on 
final batch testing. This monitoring relies solely on in vitro biochemical, 
physicochemical and cellular tests to guarantee the consistency of the 
new batch with previous ones [83–85]. An in vitro approach, as described in 
this thesis, would allow determining the capacities of vaccine batches 
to stimulate APCs or T cells and would as such contribute to a reduction 
of animal use. 

Challenges
It is clear that our in vitro platform is still a reductionist approach to capture 
the complexity of the human immune system; and that it cannot fully 
recapitulate complex interactions. Essential components that can affect 
the immune response might not be captured (i.e., lymph nodes, germinal 
centers, gut microbiota). Furthermore, additional validation studies need 
to be performed to determine in how far the in vitro results reflect in vivo 
responses and to what degree they are predictive for vaccination outcome. 
For instance, in our in vitro studies we have shown that WIV was superior 
to SU vaccine in stimulating APCs and T cells and these results are well 
in line with in vivo results from previous preclinical and clinical studies 
[27,59,86,87]. However, what is still missing is a head-to-head comparison of 
immune responses in vitro, ex vivo and in vivo to a specific vaccine. For 
this, in vitro effects of vaccines on PBMCs from unvaccinated individuals 
should be compared to effects of the vaccine on PBMCs measured ex vivo 
shortly after vaccination and be related to the final vaccination outcome 
in terms of antibody titers and/or number of T cells induced. With this, 
we would have proof that a vaccine that performs well in vitro does the 
same in vivo. Additionally, it would be required to define a response profile 
having predictive value for the in vivo situation. For this purpose, we could 
potentially make use of the biomarkers recently discovered by systems 
vaccinology [88]. 

Opportunities
The recent boom of systems vaccinology has expanded our knowledge on 
the molecular basis of the response to conventional commercial vaccines 
for influenza [89–92] and yellow fever [93,94] and vaccines under development 
against HIV, dengue and Ebola [95–97]. By using high-throughput ‘omics’ 
approaches on PBMCs from vaccinated individuals, systems vaccinology 
has identified key biomarkers and responses predictive of vaccine-induced 
protection. It is now clear that PBMCs are an important source of information; 
and that early immune signatures can be used to predict later responses 
(i.e., protective levels of antibodies) [89–94]. The most relevant examples are 
the identification of GCN2 and CaMKIV as predictors of vaccine responses. 
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Expression levels of GCN2 in PBMCs from recently vaccinated individuals 
were shown to be predictive of CD8 T cells responses and neutralizing 
antibody titers against yellow fever vaccines [93,94,98]. CaMKIV expression 
levels have been shown to inversely correlate with antibody responses in 
individuals vaccinated with influenza trivalent inactivated vaccines (TIV) 
and could reliably predict vaccination outcome as early as three days after 
vaccination [99]. More recently, the generation and activation of circulating 
TFH (identified as CD4+, CXCR5+, ICOS+, IL-21+) cells shortly after vaccination 
were found to correlate with the quality and magnitude of the resulting 
antibody responses in the context of influenza [46,100–102] and HIV vaccines 
[103,104]. 
High throughput “omics” approaches are hypothesis-generating; this 
means, they perform analysis based on significant amounts of acquired 
data to delineate hypotheses. However, these hypotheses need to be 
confirmed, dissected and exploited in conventional assays like the in vitro 
system we have developed. For example, evaluating previously identified 
biomarkers in vitro could also help us in understanding their mechanisms 
of action by correlating them to the generation of new specific cells 
subsets, their frequency (percentages), activation state and function 
(cytokines and proliferation potential).

An additional opportunity for VES is to test vaccine effectiveness on an 
individual level. Vaccine failure and/or vaccine effectiveness can be 
influenced by many characteristics of the recipient such as age, vaccine 
history, health status, ethnicity, sex, or pregnancy [105–107]. For instance, 
infants (below 1 year) do not respond appropriately to meningococcal 
vaccine; hence, multiple doses are required [108,109]. Also, it is known that with 
age, the immune system loses its capacity to respond to infections and 
vaccinations adequately [110]. VES could be employed using PBMC donors 
from infants or the elderly to evaluate the reasons behind this and to find 
alternatives (adjuvants) to improve vaccination outcome. 
 
As of today, we have 26 vaccines against different types of human infectious 
diseases, and 24 additional vaccines are under development (Table 1) 
[111]. Available vaccines could allow us to further explore our VES, i.e., by 
checking whether previously described biomarkers (i.e., GCN2 and CaMKIV) 
also show up in the developed in vitro system. Assessing the available 
vaccines would also be an excellent chance to gain more knowledge 
into successful mechanisms of protection. Having a clear understanding 
of how these vaccines work can provide insights into the development 
of better candidates or the improvement of others. Knowing that these 
biomarkers correlate well in our system, we could 1) better understand and 
dissect the induction of vaccine-related responses, 2) check the induction 
of responses in individuals with different age, sex and geographic context 
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Available Vaccines

Cholera Haemophilus in-
fluenzae type b

Meningococ-
cal meningitis

Dengue Human papillo-
mavirus (HPV)

Malaria

Diphteria Influenza Measles

Hepatitis 
(A, B, E)

Japanese en-
cephalitis

Mumps

Pertussis Pneumococcal 
disease

Poliomyelitis

Rabies Rotavirus Rubella

Tetanus Tick-borne en-
cephalitis

Tuberculosis

Typhoid Varicella Yellow fever

Pipeline Vaccines

Campylovacter 
jejuni

HIV-1 Respiratory 
Syncytial 
Virus

Chagas disease Human Hook-
worm Disease

Schistosomi-
asis Disease

Chikungunya Leishmaniasis 
Disease

Shigella

Dengue Malaria Staphylococ-
cus aureus

Enterotoxigenic 
E. coli

Nipah virus Streptococ-
cus pneumo-
niae

Enterovirus 71 Nontyphoidal 
Salmonella 
Disease

Streptococ-
cus pyro-
genes

Group B Strep-
tococcus

Norovirus Tuberculosis

Herpes Simplex 
Virus

Paratyphoid 
fever

Universal 
Influenza 
Vaccine

and 3) compare between vaccines, if multiple candidates are available for 
the same pathogen.

Future Perspectives

Comparing vaccine-related responses in young and old individuals
Vaccines still perform suboptimal in the elderly because general vaccine 
design and formulation is not aimed at the elderly and the molecular 
mechanisms behind decreased vaccine responses in elderly remain 
incompletely understood.

Poor vaccine responses are mainly due to immunosenescence, which 
describes the fact that all of the components of the immune system 
suffer from aging and progressive loss of responsiveness [112,113]. This process 
is not only reflected in a restricted ability of the aging immune system 
to protect the body against pathogens but also in a limited response to 
vaccination [102,114]. It is known that aging is associated with alterations in 
the differentiation potential towards memory subsets of T and B cells [56,115]. 
The number of naïve T cells decreases together with the TCR repertoire, 
constriction of this repertoire contributes to a failure to respond to 
different pathogens [116]. Regrettably, innate immune cell types also display 
age-related alternations [117]. For instance, the function of neutrophils, 
granulocytes and natural killer (NK)  cells is impaired in older adults [117]. In 

Table 1. Vaccines available and in the pipeline.
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addition, in macrophages and DCs, Toll-like receptor (TLR) dysregulation 
together with lower expression of co-stimulatory molecules have also 
been demonstrated [118–120].  

Due to an impaired immune system, the severity of infectious diseases in 
the elderly is much higher than in younger adults. Moreover, infections are 
associated with long-term repercussions affecting daily activities, onset of 
frailty and decrease of independence [121–124]. Thus, prevention of infectious 
diseases through vaccination is an important challenge to ensure 
healthy aging. Yet, traditional vaccines against influenza, Streptococcus 
pneumoniae, herpes zoster, tetanus, diphtheria and pertussis have 
all been found to be less effective in the elderly [125–128]. In the context of 
influenza vaccines, a meta-analysis showed that vaccine effectiveness in 
the elderly (65 + population) is 49% for laboratory-confirmed influenza 
cases [129] compared to 59% in adults between 18-65 years of age [130]; which 
indicates the need for more potent vaccines [114,130,131].

The established in vitro platforms would be ideal to compare vaccine-
related immune responses from young and old individuals and thus give 
an unprecedented chance to better understand why vaccines perform 
poorly in the elderly; which is not possible using animal models. This 
comparison could give us insights into; 1) the mechanistical background 
of immune-related differences between young and old individuals in their 
response to vaccine and 2) the evaluation of new strategies to ameliorate 
the responses to vaccines through new adjuvant compounds. As an 
additional feature this approach would also allow us to better understand 
variation within heterogeneous populations with distinct genetic and 
environmental background. In particular, the different exposure history of 
young and elderly, including the virus strain they encountered first in life, 
is expected to have effect on the vaccine-induced responses [132]. Overall, 
this system would allow to compare different vaccines in a much easier 
and feasible way than testing them in animal models or in clinical trials.

Expanding towards B cell responses
A remaining challenge is the establishment of an in vitro system which 
allows the evaluation of vaccine-induced B cell responses. Typically, 
vaccines aim at avidly stimulating B cells to induce the production of 
protective antibodies [133]; however, B cells can also amplify and suppress 
immune responses by mechanisms different from antibodies [134–137]. Similar 
to DCs, B cells possess TLRs, present antigens and produce cytokines, thus 
exerting regulatory and effector functions [134–138]. Given these features, it 
would be very interesting to design a B cell-based screening system to 
assess the immunogenicity of vaccines in vitro. Such a platform would 
allow for zooming in into different aspects of the immune response like 
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the differentiation of different B cell subsets and their proliferation, the 
induction of cytokine production, and finally the production of antibodies 
(Table 2). By combining such a B cell system with the previously established 
platforms, it would be possible to have an integrated and comprehensive 
view of key immune cell players in the context of vaccine-induced immune 
responses.

Table 2. Potential processes to study in vitro during B cell-induced 
responses.

Event Parameter to measure Technique Reference

Naïve B cell activation MHCII, CD86 Immunofluorescence – 
Flow cytometry

[139]

Memory B cell activation MHCII, CD86 Immunofluorescence - 
Flow cytometry

[140–143]

B cell differentiation AID, Blimp-1, BAFF, Plas-
ma cells, Plasmablasts

qPCR - Flow cytometry [139,144–146]

Proliferation CFSE, Ki-67 DNA synthesis/HTS - 
Flow cytometry

[139,141,147]

Cytokine production IL-4, IL-6, IL-10, 
IL-12, IFNγ,TNFα

ELISpot – ELISA [142,143]

Antibody production Antigen-specific
IgG, IgM

ELISpot – ELISA [91,148–150]

Building such a system would require first to confirm whether B cells 
in vitro would respond to vaccines at all using the parameters listed in 
Table 2. Subsequently, the identification of key downstream mechanisms 
modulated by vaccines, such as subset differentiation and cytokine 
production, could need to be performed. Few studies have exploited the 
potential of B cells in vitro [139,143,147,151–155], these studies used TLR agonists 
and not antigens, hence showing the feasibility of a B cell platform with 
an antigen-independent B cell stimulation approach. Lanzavecchia 
and colleagues shed light onto important mechanisms of naïve B cell 
stimulation in vitro [139,147,151,152]. Mimicking T cell help with CD40L together 
with TLR9 agonists  they showed the possibility to induce B cell activation 
and thus proliferation and induction of cytokines [139]. Others demonstrated 
that also memory B cells can be activated with a combination of CpG and 
CD40, and can be differentiated into plasmas cells and plasmablasts [143,153]. 
Jung and colleagues went further into the effects of CpG on the different 
B cell subtypes in vitro concluding that this TLR9 agonist had an effect 
in the terminal differentiation, indicated by an increase in generation 
and proliferation of plasma cells from naïve and memory B cells. [154]. As 
for antibody production, in vitro stimulation with a TLR7 ligand induced 
the secretion of  IgM and IgG by naïve B cells [155] and IgM, IgG and IgA by 
memory B cells [143]. 
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Antigen-dependent B cell activation in vitro has remained challenging 
until recently. This has been mainly due to haplotype variation in MHCIIs 
requiring specific T cells for B cell activation [156]. In an effort to generate 
therapeutic antibodies, a recent study showed the possibility to overcome 
the stringent requirements for antigen-specific stimulation by using 
streptavidin nanoparticles conjugated to both CpG and antigen [157,158]. 
Using this approach, the Batistas’ lab showed the possibility to identify, 
quantify and characterize B cells producing antigen specific antibodies. By 
stimulating memory B cells from healthy donors with CpG in combination 
with tetanus toxoid or influenza hemagglutinin, they demonstrated the 
induction of plasma cells able to secrete antigen specific antibodies [158]. 

In an exploratory approach, we have performed experiments on vaccine-
stimulated B cells in vitro. Our initial results showed the upregulation of 
different genes related to B cell fate (encoding for Blimp-1, Pax5 and AID) 
upon stimulation with WIV but not SU vaccines, as well as the induction 
of proliferation of WIV-treated but not SU-treated cells as measured by 
CFSE staining. Yet, according to our experience, although possible, the 
establishment of an in vitro B cell system for vaccine evaluation will be 
a challenging mission. Different from the T cell approach, cell availability 
is a problem (there are only around 10% of B cells in PBMCs); next to this, 
there are no studies so far that assess the effect of mitogens nor antigens 
in entire B cell populations in vitro, rather the available papers start from 
certain subpopulations like naïve or memory B cells [139,151,158,159]. This could 
mean that whole PBMCs are not suitable to assess B cell responses 
and subpopulations would need to be isolated necessitating the use of 
several antibodies for the isolation of the required populations and further 
decreasing the number of cells that can be obtained from a given blood 
sample. 

Optimizing this system will require to carefully phenotype and pinpoint 
those B cell subsets that could give the most relevant information in the 
context of vaccine induced responses. Moreover, since antigen-activated 
B cells may undergo different differentiation fates (i.e. memory B cells, 
short-lived and long-lived plasma cells) and with different requirements 
for stimulation (with or without T cell help) [101,160,161], it will be necessary to 
carefully evaluate each of these possibilities to find the best approach to 
assess B cell vaccine-induced responses in vitro. 

Concluding remarks 
PBMCs can give important information on the immune system and the 
mechanisms of protection induced by vaccines [89,162–166]. In the context of 
vaccinated individuals, PBMCs have enabled to pinpoint biomarkers and 
predictive responses for vaccine protection [43,44,46,102,167–169]. 
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Given this fact, we hypothesized that PBMCs could represent a strong tool 
in vaccine development. Using influenza as our main model antigen we 
therefore developed a MoDC-based system to study vaccine effects on APCs 
and a system using unfractionated PBMCs to study vaccine effects on T 
cells. We then used the established platforms together with various vaccine 
formulations to (1) assess vaccine-induced innate immune cell activation 
of MoDCs; (2) characterize details of vaccine-induced T cell responses; and 
(3) validated the system against mice in vivo responses. In doing so, we 
found that human primary cells are a better platform to assess responses 
to vaccines in vitro than cell lines and that activation properties of primary 
MoDCs distinguished different vaccines formulations. After stimulation of 
whole PBMCs with different vaccine formulations, T lymphocytes displayed 
distinct magnitudes of response with respect to proliferation and cytokine 
production. This system also enabled the evaluation of TFH responses, 
indicating a potential predictive role for antibody responses. In exploiting 
this platform, we compared vaccines derived from different influenza virus 
subtypes revealing that different virus subtypes induce different levels of 
immunogenicity in vitro which reflect their immunogenicity in immunized 
mice. 

Our human cell-based platform to assess responses to vaccines in vitro,  
provides an interesting animal free-alternative to circumvent ethical issues 
and to fulfill the need of representative models of the human situation 
(given the poor predictive value of animal models [170–172]). The developed 
platforms intend to be an auxiliary tool for the screening of vaccine 
candidates. Identifying poorly immunogenic vaccine candidates in vitro, 
would allow to reduce the number of animals needed for preclinical stages 
decisively. Moreover, it will enable the selection of strong vaccine candidates 
with better odds to perform well in a clinical setting. Furthermore, the VES 
can give important insights into the molecular and cellular mechanisms 
behind vaccines and adjuvants. Seemingly, an extension of this in vitro 
platform could assist in assessing vaccine responses in risk groups (i.e. 
elderly), ultimately allowing the development of improved vaccines for 
specific target populations. 

In conclusion, this human cell-based platform to assess responses to 
vaccines in vitro, represents a fast and sustainable system with the ability 
to reflect/recapitulate responses of the human immune system; hence, its 
use could potentially aid in solving current issues of vaccine development.
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Samenvatting

Vaccinatie tegen virussen en bacteriën heeft in de afgelopen eeuw(en) 
talloze levens gered en daarmee de volksgezondheid ingrijpend veranderd. 
Dankzij vaccins zijn ziekten als poliomyelitis, tetanus, difterie, mazelen, 
en kinkhoest in belangrijke mate teruggebracht in incidentie en zijn de 
pokken zelfs uitgeroeid. En meer recent zijn succesvolle vaccinaties ter 
voorkóming van hepatitis (A en B), meningitis en pneumonie ingevoerd. 
Echter het ontwikkelen van vaccins is een tijdrovend en kostbaar proces, 
onder andere omdat vaccinkandidaten regelmatig falen in klinische 
trials, terwijl ze eerder wel succesvol bleken in proefdieren. De noodzaak 
een alternatieve methode te ontwikkelen om vaccins te screenen vóór ze 
doorstromen naar klinische evaluatie is daarom groot. 

Ontwikkelingen op het gebied van de ‘systems vaccinology’ hebben 
het onlangs mogelijk gemaakt om in gevaccineerde individuen 
genexpressiepatronen te identificeren die de sterkte van een 
immuunrespons kunnen voorspellen. Deze innovatieve aanpak brengt 
ons dichterbij een zogenaamd ‘rationeel vaccinontwerp’. Systems 
vaccinology heeft o.a. aangetoond dat immuuncellen in het bloed 
belangrijke bronnen van informatie zijn en dat vroege reacties van deze 
cellen op een vaccin gebruikt kunnen worden om bijvoorbeeld de aard en 
de sterkte van de respons te voorspellen. Dit suggereert dat responsen van 
witte bloedcellen, preciezer perifere bloed mononucleaire cellen (PBMC’s), 
op vaccins potentieel informatie kunnen geven over immunologische 
eigenschappen van vaccins in het algemeen. In dit proefschrift hebben we 
dit idee gebruikt om een in vitro systeem te bouwen dat gebaseerd is op 
witte bloedcellen van de mens en ons in staat stelt om vaccinkandidaten 
te beoordelen. 

Om een in vitro evaluatiesysteem voor vaccins te ontwerpen hebben we 
gekozen voor een aanpak waarin we verschillende componenten van 
de immuunrespons trachten te ontleden door effecten op verschillende 
typen immuuncellen te bestuderen. Als modelantigenen gebruiken 
we ‘whole inactivated virus’ (WIV) en subunit (SU) influenza vaccin 
formuleringen.  In Hoofdstuk 2 hebben we ons gericht op antigeen 
presenterende cellen (APCs) en het bestuderen van aangeboren (niet-
specifieke) immuunresponsen van deze cellen op vaccins. APC’s, de 
eerste verdedigingslijn tegen pathogenen, bevatten receptoren die 
lichaamsvreemde microbiële componenten detecteren. Deze cellen 
spelen niet alleen een essentiële rol in het controleren van de spreiding 
van pathogenen; maar ze zijn, zoals de naam al aangeeft, essentieel voor 
de presentatie van antigenen gepaard gaand met een opregulatie van 
co-stimulerende moleculen en de secretie van cytokinen. Dit kan leiden 
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tot activatie en differentiatie van adaptieve (verworven) immuuncellen, 
T- en B-cellen. Dendritische cellen (DC) staan bekend als professionele 
APC’s doordat zij het aangeboren en het verworven immuunsysteem met 
elkaar verbinden, onmisbaar zijn bij het activeren van naïeve T cellen, en 
een cruciale rol spelen in het bepalen van de sterkte en de aard van de 
adaptieve immuunrespons.

Onze eerste keus voor de ontwikkeling van een APC-gebaseerde module 
voor vaccinevaluatie was om een cellijn te gebruiken. Echter, zelfs de meest 
veelbelovende DC-achtige cellijn, MUTZ-3, bleek ongeschikt voor onze 
doelstellingen. Daarom besloten we te werken met DC’s afkomstig van 
monocyten (MoDC’s) uit menselijke perifere mononucleaire bloedcellen 
(PBMC’s). Hoewel de isolatie van monocyten en differentiatie tot DC’s een 
arbeidsintensief proces is, is de reactie van deze cellen waarschijnlijk meer 
vergelijkbaar met die van DCs in vivo. De variatie in primaire DC’s tussen 
donoren biedt daarnaast ook de mogelijkheid om de heterogeniteit in 
responsen op vaccins te bestuderen. 

MoDC’s bleken, in tegenstelling tot de MUTZ-3 cellen, een geschikt 
platform voor de screening van immunogene eigenschappen van 
vaccinkandidaten. MoDC’s blootgesteld aan WIV en SU vaccins vertoonden 
vaccin-specifieke responspatronen. WIV stimuleerde de expressie van 
genen die geassocieerd zijn met virale immuunresponsen, zoals MYD88, 
IRF7 en STAT1. Daarnaast kon WIV co-stimulerende moleculen op het DC 
oppervlak, zoals MHCII, CD80 en CD86 opreguleren, en cytokine-productie 
induceren, terwijl SU een vrij matige capaciteit vertoonde om zulke 
aangeboren (niet-specifieke) immuunresponsen te induceren. De effecten 
van WIV en SU op menselijke DC’s in vitro waren in overeenstemming 
met voorgaande resultaten van in vitro muis DC modellen en klinische 
studies. Tot slot hebben we aangetoond dat vers geïsoleerde en bevroren 
PBMC’s gebruikt kunnen worden voor het genereren van MoDC’s, waarbij 
beiden evengoed functioneerden. Dit geeft aan dat het mogelijk is om 
voorraden van PBMC’s ingevroren te bewaren voor later gebruik zoals het 
herhalen van testen met nieuw materiaal en het uitvoeren van additionele 
onderzoeken.  Deze resultaten versterken de praktische haalbaarheid van 
een MoDC platform voor het testen van vaccins te testen. 

Met het op MoDC’s-gebaseerde in vitro platform hebben we nu een 
nuttig hulpmiddel in handen om vaccineffecten op APCs te bestuderen, 
werkingsmechanismen van vaccins te achterhalen en in vivo reacties op 
nieuwe vaccinfomuleringen in te schatten.

Vervolgens richtten we ons op verworven (adaptieve) immuunresponsen. 
Deze vinden plaats na DC-stimulatie. In tegenstelling tot aangeboren 
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immuunresponsen, die snel gegenereerd worden na contact met 
pathogenen maar niet specifiek zijn, komen adaptieve responsen 
langzaam op gang. Tegelijkertijd zijn ze echter specifiek en in staat om 
een immunologisch geheugen op te bouwen. Het uiteindelijke doel 
van vaccinatie is het genereren van antigeen-specifieke (geheugen) 
immuunresponsen. Om dit te bereiken, bootsen vaccins de processen 
na die optreden tijdens een infectie. Voor vele infectieziekten (bv. HIV, 
malaria, tuberculose, hepatitis en influenza), blijken T-cel gemedieerde 
responsen essentieel te zijn voor een optimale immuunbescherming. 
Derhalve zouden vaccins idealiter naast de productie van antilichamen te 
induceren ook T cellen moeten activeren: (geheugen) cytotoxische T cellen 
(CTL’s) die geïnfecteerde cellen kunnen herkennen en doden, (geheugen) 
T-helper cellen die het juiste type respons teweeg brengen en folliculaire 
T-helper (TFH) cellen. TFH cellen hebben een direct effect op de generatie en 
het behoud van ‘germinal centers’, welke nodig zijn voor adequate B-cel 
activatie en daarmee voor de vorming van antilichamen met een hoge 
affiniteit. 

Met dit in ons achterhoofd hebben wij in Hoofdstuk 3 een in vitro platform 
ontwikkeld om vaccin-geïnduceerde T-cel responsen te meten. T-cel 
responsen op vaccins zijn in het verleden in vitro onderzocht, door gebruik 
te maken van DC-T cel co-kweken, waarbij DC’s gegenereerd werden uit 
(menselijke) PBMC’s. Deze werden gecombineerd met het antigen en 
later in contact gebracht met autologe T-cellen [47-51]. Deze methode blijkt 
echter vrij tijdrovend te zijn. Dit is de reden dat wij hebben onderzocht 
of vaccineffecten op T-cellen ook gemeten kunnen worden in langdurige 
kweken van ongefractioneerde PBMC’s. Naast het feit dat deze methode 
simpeler en rechtdoorzee is, maakt deze aanpak gebruik van een 
mengeling van meerdere typen immuun cellen, wat voordelig kan zijn 
voor optimale T-cel activatie. 

Met dit in vitro platform toonden we aan dat wanneer PBMC’s 
gestimuleerd worden met geschikte vaccins, het aantal influenza 
antigen-specifieke T-cellen na verloop van tijd toeneemt. Daarnaast 
namen de T cellen een geactiveerd fenotype aan en produceerden ze 
IFNγ en de cytotxiciteitsmarker CD107. Dit sluit aan op het gegeven dat 
onze bloeddonoren hoogstwaarschijnlijk ooit blootgesteld zijn geweest 
aan influenza; de responderende cellen zijn dus waarschijnlijk geheugen 
T-cellen. Verdere typering van de responderende T-cellen onthulde 
inderdaad dat deze bijna allemaal de geheugenmarker CD45RO tot 
expressie brachten. Daarbij vertoonden de CD4 memory T cellen 
merendeels een effector memory (EM) fenotype terwijl de CD8 memory T 
cellen merendeels een ‘central memory’ (CM) fenotype hadden. Interessant 
is dat ook circulerende TFH-cellen na blootstelling aan vaccins reageerden 
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met een toename van ICOS+CD4+CXCR5+ cellen en IL-21 productie. Het 
aantal en de activatiestatus van de circulerende TFH-cellen vroeg na 
vaccinatie blijkt richtinggevend te zijn in latere antilichaam responsen. 
Daarom is het van groot belang dat met behulp van het hier ontwikkelde 
in vitro systeem vaccineffecten op deze celpopulatie in vitro bestudeerd 
kunnen worden. 

Door WIV en een split influenza vaccin te gebruiken, zagen we ook dat de 
T-cellen in ons in vitro platform op verschillende manieren reageerden op 
verschillende vaccinformuleringen met dezelfde antigenen. Beide vaccins 
waren even potent in het activeren van CD4+ en CD8+ T-cellen en TFH-
cellen, en in het induceren van IFNγ productie in CD4+ cellen. Echter, WIV 
bleek superieur te zijn ten aanzien van het split vaccin in de activatie van 
IFNγ productie in CD8+ T-cellen; voornamelijk in TCM en TEM. Deze bevinding 
kwam overeen met onze verwachtingen, aangezien WIV bekend staat 
als een sterke activator van DC’s, zoals is aangetoond in Hoofdstuk 2. 
Daarnaast heeft WIV het vermogen om antigen direct in het cytoplasma 
te transporteren van waar het makkelijk toegang heeft tot de MHC-klasse 
I presentatie route. 

Derhalve blijkt het ontwikkelde in vitro T cel platform gedetailleerde 
informatie te kunnen verschaffen ten aanzien van vaccineffecten op 
verschillende T-cel populaties, inclusief TFH-cellen, welke bepalend zijn 
voor antilichaamresponsen. Daarmee kan het platform een waardevol 
middel zijn om inzicht te krijgen in werkingsmechanismen van vaccins 
en voor het selecteren van veelbelovende vaccinkandidaten. Dat laatste 
geldt in ieder geval wanneer de vaccins antigenen bevatten waartegen de 
bloeddonoren reeds geheugen T cellen hebben. 

In Hoofdstuk 4, toetsen we de mogelijkheid om het ontwikkelde in vitro 
systeem te gebruiken om vaccins gemaakt van verschillende influenza 
virus subtypen te evalueren en te vergelijken. Zoals bekend uit preklinische 
en klinische trials, verschillen influenza vaccins, die verkregen zijn vanuit 
verschillende virus subtypen, van elkaar in immunogeniciteit. Virusstam-
gerelateerde verschillen in immunogeniciteit hebben belangrijke 
consequenties voor vaccinformuleringen. Voor laag immunogene virus 
subtypen is het wellicht noodzakelijk om een hogere hoeveelheid antigen 
te gebruiken of een adjuvans toe te voegen om voldoende bescherming 
te bewerkstelligen. Eerdere onderzoeken rapporteerden dat intrinsieke 
eigenschappen van de respectievelijke virussen verantwoordelijk zijn voor 
de geobserveerde virusstam-specifieke verschillen in immunogeniciteit. 
Echter, de in deze studies gebruikten vaccins waren niet op dezelfde wijze 
geproduceerd, waardoor een betrouwbare vergelijking niet gemaakt kon 
worden. Doel van dit hoofdstuk was derhalve om meer inzicht te krijgen 
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in verschillen in immunogeniciteit tussen verschillende influenza virus 
subtypen. 

Hiervoor gebruikten we WIV en SU vaccins die gemaakt waren uit 
H1N1pdm09, H3N2, H5N1 en H7N9 influenza virus subtypen, en werden 
geproduceerd onder gestandaardiseerde omstandigheden. Eerst richtten 
we ons op de fysisch-chemische eigenschappen van de vaccins; vervolgens 
evalueerden we hun immunologische eigenschappen door in vitro en in 
vivo benaderingen toe te passen. Met betrekking tot WIV, toonden onze 
vergelijkingen evidente fysisch-chemische en immunologische verschillen, 
die het onderscheid van hoog (H5N1), intermediair (H1N1pdm09, H3N2) en 
laag (H7N9) immunogene influenza virus subtypen mogelijk maakten. 
Voor SU vaccins waren er echter minder subtype-gerelateerde verschillen 
te vinden. Door de immunologische effecten van de verschillende virale 
subtype vaccins in vitro en in vivo te vergelijken, waren we ook in staat 
om te onderzoeken in hoeverre resultaten verkregen met de in vitro 
platformen (Hoofdstuk 2 en 3) een voorspellende waarde hadden voor 
de in vivo responsen. In vivo en in vitro resultaten correleerden goed met 
elkaar, wat de bruikbaarheid van de ontwikkelde in vitro platformen verder 
onderstreept.

Concluderend, dankzij deze vergelijkende studie kwamen we tot waardevolle 
inzichten wat betreft intrinsieke verschillen in immunogeniciteit tussen 
vaccins verkregen vanuit verschillende influenza virus subtypen. Deze 
inzichten zullen helpen in het verbeteren van matig immunogene 
influenza vaccins doordat toekomstige experimenten zich nu kunnen 
richten op het versterken van responsen tegen zwak immunogene virus 
subtypen, bijvoorbeeld door het gebruik van adjuvansen. Daarnaast 
onderstrepen de verkregen resultaten de geschiktheid van ons in vitro 
systeem als dierproefvrij screeningssysteem voor de evaluatie van vaccins. 

Tot slot, beschrijven wij in Hoofdstuk 5 het gebruik van het T-cel in 
vitro platform om te beoordelen of de immunogeniciteit van een vaccin 
verbeterd kan worden door bepaalde afleversystemen te gebruiken en 
de grootte van de vaccinpartikels te veranderen. Zoals we laten zien in 
Hoofdstuk 2, zijn SU vaccins, die bestaan uit oplosbare eiwitten, matig 
immunogeen. Het gebruik van een adjuvans kan de immunogeniciteit 
verbeteren. Adjuvansen kunnen zowel de inductie van immuunresponsen 
versterken als deze modificeren. De beschikbare adjuvansen worden 
geclassificeerd in systemen die het immunsysteem activeren en specifieke 
antigen-afleversystemen. Antigen-afleversystemen bestaan uit partikels 
die variëren in grootte van nano- tot micrometer en kunnen zorgen 
voor het transport van gebonden of ingekapselde antigenen naar APC’s. 
Verscheidene studies hebben aangetoond dat het mogelijk is om het type 
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immuunrespons (TH1, TH2) te sturen door de grootte, vorm of rigiditeit van 
het antigen-afleversysteem te beïnvloeden. In dit hoofdstuk gaan we in op 
de vraag in hoeverre manipulatie van de grootte van een afleversysteem 
de antigenopname door menselijke moDC’s en daardoor de stimulatie 
van humane T-cellen kan beïnvloeden. Het laatste werd onderzocht met 
behulp van het boven beschreven T-cel platform. 

Voor dit onderzoek gebruikten we twee verschillende vaccins, influenza SU 
en Hepatitis-B oppervlakte antigen (HBsAg), die gekoppeld werden aan 
nano- of micro-polystyreen partikels (diameter 0.5 en 3 μm). Microscopische 
observaties toonden dat nano- en micropartikel- gekoppelde vaccins en 
ongeconjugeerde vaccins even efficiënt opgenomen konden worden door 
DC’s. Desondanks vonden we met behulp van ons in vitro T-cel platform 
dat influenza SU vaccin gekoppeld aan 3 μm partikels een (licht) sterker 
vermogen tot T cel activatie had dan ongeconjugeerd SU-influenza vaccin. 
Dit werd duidelijk uit een toegenomen aantal cytokine-producerende 
CD8+ T-cellen en grotere hoeveelheid van geproduceerde cytokinen. 
Daarentegen beïnvloedde de koppeling van HBsAg aan polystyreen 
partikels de sterkte van de T-cel responsen niet, behalve dat het aantal 
IFNγ- en IL10-producerende T-cellen geïnduceerd door HBsAg gekoppeld 
aan 3 µm beads lichtelijk hoger was dan gevonden met vrij HBsAg.
Al onze bloeddonoren waren zeer waarschijnlijk meerdere malen 
blootgesteld aan influenza. Hun PBMC’s bevatten influenza-specifieke 
geheugen T-cellen die na blootstelling aan een influenza vaccin in vitro 
snel geactiveerd werden. Daarentegen bevatten de PBMC’s geen HBsAg-
specifieke geheugen T-cellen. Desalniettemin, konden we in een aantal 
donoren enige T-cel responsen tegen HBsAG  detecteren. Hoewel we nog 
niet weten of deze responsen gemedieerd waren door naïeve of geheugen 
T-cellen kan dit  suggereren dat het ontwikkelde in vitro platform niet 
alleen geschikt is om vaccineffecten op geheugen T-cellen te bepalen, 
maar ook om het vermogen van een vaccin tot activatie van naïeve T-cellen 
te bestuderen. 

Concluderend kunnen we vaststellen dat de grootte van influenza en 
Hepatitis-B vaccins een meetbaar effect op de inductie van T-cel responsen 
had. Echter was het effect klein waardoor de biologische relevantie ervan 
twijfelachtig is. 

In Hoofdstuk 6 belichten we allereerst de redenen om te zoeken naar 
dierproefvrije alternatieve methoden voor de ontwikkeling van vaccins. 
Daarnaast wordt een samenvatting van alle bevindingen van dit 
proefschrift gegeven. Tevens worden de beperkingen en de uitdagingen 
van de verrichte onderzoeken besproken, en worden de mogelijkheden 
voor verdere ontwikkeling van in vitro vaccinevaluatiesystemen besproken. 
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