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Summary 

Nowadays, vaccination represents the most effective medical intervention to control and 
prevent the spreading of infectious diseases in the population. Nonetheless, the emergence 
of new pathogens, the logistic constraints for the vaccine storage and the safety concerns 
regarding the use of whole pathogens, as well as the rising wave of skepticism among the 
population toward vaccination, have led to the rebound of some almost eradicated 
pathogens and delayed the success to control some other diseases like influenza infection. 
Hence, the development of non-invasive needle-free vaccination strategies combined with 
subunit vaccines able to stimulate protective immune responses is required. In this thesis, 
we have confirmed the potential of the transfollicular (TF) route for the delivery and the 
generation of a protective immune response using inactivated influenza viruses. Moreover, 
by investigating the early innate immune events occurring in the skin after TF 
immunization using polymeric nanocarriers, we have shown that the nanocarrier is needed 
for the effective delivery and uptake of the vaccine antigen. In addition, the co-formulation 
of the nanoparticles with either of Bis-(3´, 5´)-cyclic dimeric adenosine monophosphate 
(c-di-AMP) or pegylated αGalactosylceramide (αGCMPEG) adjuvants, help to tailor the 
innate immune response by acting on specific skin dendritic cells and therefore participate 
in the induction of a differentially polarized adaptive immune response. Altogether, this 
study has revealed not only the potential of the TF route for vaccine delivery but also that 
the combination of this route with adjuvanted polymeric nanoparticles is able to induce a 
protective immune response against live influenza virus challenge. 
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Zusammenfassung 

Impfungen stellen die effizienteste Erfindung in der Medizin dar, um 
Infektionskrankheiten zu kontrollieren und ihre Ausbreitung zu verhindern bzw. 
einzudämmen. Nichtsdestotrotz führen neu auftretende Krankheiten, Sicherheitsbedenken 
bei der Verwendung von Lebendimpfstoffen, sowie logistische Probleme bei der Lagerung 
und Einhaltung von Kühlketten und nicht zuletzt die zunehmende Impfmüdigkeit dazu, 
dass bereits unter Kontrolle oder gar ausgerottet geglaubte Pathogene wieder neu erstarken. 
Aus diesen Gründen ist es notwendig, neue nadelfreie nicht-invasive Impfstrategien zu 
entwickeln, die sich durch ein erhöhtes Sicherheitsprofil bei gleichzeitig hoher Effektivität 
kennzeichnen. In der vorliegenden Arbeit konnten wir bestätigen, dass sich die 
transfollikuläre (TF) Impfroute dazu eignet, schützende Immunantworten gegen das 
Influenzavirus zu stimulieren. Darüber hinaus konnte durch Analyse der unmittelbar nach 
TF Immunisierung ablaufenden Prozesse des angeborenen Immunsystems in der Haut 
gezeigt werden, dass Nanopartikel für diese Impfstrategie notwendig sind, um einen 
effektiven Transport des Impfstoffantigens zu den, sowie dessen Verarbeitung durch die 
Immunzellen zu gewährleisten. Ferner kann durch Zugabe der Adjuvantskandidaten Bis-
(3´,5´)-zyklisches dimerisches Adenosinmonophosphat (c-di-AMP) und dem pegylierten 
αGalactosylceramid (αGCMPEG) zu dem Polymer-basierten Nanotransporter die frühe 
Immunantwort derart modifiziert werden, dass die erworbene Immunantwort 
unterschiedlich polarisiert verläuft. 

Die vorliegende Arbeit hat somit nicht nur das Potential der TF-Impfstrategie als 
Alternative zur klassischen Impfung überhaupt deutlich gemacht, sondern auch dargelegt, 
dass diese Route bei Verwendung von Nanotransportern in Verbindung mit Adjuvantien 
ebenfalls für Subunit-Impfstoffe geeignet ist, um z. B. eine schützende Immunantwort 
gegen ein Influenzavirus zu stimulieren.  



3 

Introduction 

1. Vaccination 

a. The ins and outs of vaccination 

Infectious diseases represent the second leading cause of death worldwide1. Currently, 
vaccination is the most effective tool to prevent illness and therefore death in the 
population. Thus, according to the World Health Organization, vaccines prevent 2 to 3 
millions deaths each year and this number could even reach 6 million if all children would 
receive the recommended vaccine schedule2. Up to now, vaccination allows the control of 
ten major diseases (i.a. smallpox, diphtheria, tetanus, pertussis, poliomyelitis).  

The process of vaccination utilizes the ability of the immune system to generate memory 
cells specific to encountered pathogens. Therefore, by administrating the whole pathogen 
or only some specific epitopes, the immune system is able to recognize those foreign 
molecules (antigens) and build-up a specific humoral and cellular response against these 
antigens, thereby leading to the protection of the host when confronted with the 
corresponding pathogen. Edward Jenner is the pioneer of this technique in the Western 
world. In the 18th century, he inoculated healthy humans with a formulation containing 
cowpox pustule extract, which has led to the protection of those individuals against the 
smallpox virus. The birth date of the vaccination is then fixed at the date of the discovery 
of the protective effect of the cowpox against smallpox: 1796. Later, in 1879, Louis Pasteur 
scientifically established the general principle of what he named vaccination, in honor of 
Jenner. Indeed, by studying avian cholera, Pasteur discovered that old bacterial cultures 
injected to chicken do not kill them but rather protect them against fresh bacteria cultures. 
He performed similar experiments using rabies virus and finally introduced the new 
concepts of inactivation, attenuation, and modification through passages3–7. 

Although vaccination has already demonstrated its value to protect against infectious 
diseases, the emergence of new pathogens, as well as the increase of antibiotic resistance, 
leads to an urgent need of new vaccination strategies. Presently, the vaccine formulations 
in use are either live-attenuated or inactivated whole pathogens (virus or bacteria) or 
purified microbial components, the so-called subunit vaccines. The last-mentioned is the 
most promising formulation candidate for the development of future vaccines. Indeed, 
containing no living organism and only the subcellular components required to confer 
protective immunity, their safety profiles not only increase their acceptance in the public 
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but make them especially useful for vaccinating the immunocompromised subpopulation. 
The use of purified microbial components lower the risk of reactogenicity of the vaccine 
formulation and therefore makes them more safe. However, the low complexity profile of 
subunit vaccines usually makes them also less immunogenic, making necessary booster 
immunizations and/or the inclusion of adjuvants.  

b. Challenges for vaccination 

Despite the great achievements resulting from vaccination, this field of science is currently 
facing major challenges. One of them is the logistic constraints in vaccine distribution. 
Indeed, with the development of new vaccines requiring specific storage conditions, 
developing countries are facing serious difficulties in their vaccine supply and logistics 
systems. Another challenge vaccine developers has to face are safety issues, such as the 
risk of infections and injuries from the use of needles. Likewise, with the increased 
development of subunit vaccines, a new challenge is rising in the vaccine development 
field. Indeed, subunit vaccines are composed of a small part of the pathogen of interest, 
therefore it usually lacks the danger signals needed for activating the immune system and 
hence are less immunogenic. Thus, this pathogen-derived danger signal should be 
substituted by an adjuvant. Therefore, new well-defined and effective adjuvants are needed 
for the development of subunit vaccines8,9. Last but not least, the decline of compliance 
from the population to get vaccinated is becoming a major challenge as well. It has been 
estimated that between 5 and 10% of the population has strong anti-vaccination 
convictions. This leads to the fact that 3 to 7% of all children are under-vaccinated only 
because of the misgiving of their parents towards some or all vaccines10. It is for all those 
reasons that the development of stable, safe and painless vaccines is necessary. In this 
regard, recent approaches aim at the development of non-invasive vaccination strategies 
targeting mucosal surfaces (e.g. oral, intranasal or transcutaneous vaccination)11–14. The 
advantages of such vaccination strategies encompass not only the stimulation of efficient 
local and systemic immune responses already hindering pathogen entry and further 
dissemination, but also easy and painless administration logistics. Unfortunately, vaccines 
applied via mucosal surfaces have to overcome some hurdles such as ciliary activity, 
physical stress (extreme pH) or enzymatic degradation. Thus, part of the antigen will be 
lost, making necessary increased antigen doses, incorporation of adjuvants and/or carrier 
systems in order to stimulate efficient immune responses15–17. The same is true in case of 
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transdermal vaccination, when the skin barrier is maintained intact. Thus, also here specific 
vaccination strategies have to be developed. 

2. Skin vaccination 

a. Skin anatomy  

The skin is the largest organ of the body, it is also known as the integumentary system. 
Moreover, the skin is the first interface between the body and the external environment, 
whereby the surface approaches an area of approximately 2 m² in adult humans. This organ 
has a complex structure composed of different tissues, which enable it to run many 
functions including the maintenance of the homeostasis. It is constituted of two layers, 
namely the epidermis, which is directly in contact with the environment and the underlying 
dermis. Each structure is further subdivided into layers that display specific structures and 
functions (Fig. 1). Besides protecting the body against external aggression, the skin aims 
also at maintaining the temperature and prevent the water loss18,19.  

Figure 1: Skin anatomy. Adapted from Kabashima et al.20
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b. Skin Immune System (SIS) and Skin-Associated Lymphoid Tissue (SALT)  

Far from being a simple protective barrier, the skin is an organ rich of immune cells that 
form a dense network of effector cells which actively communicates with the surrounding 
skin cells. This sophisticated structure has been described by Bos and Kapsenberg as the 
“skin immune system”21. In the early 80s, Streilein described the immune network of the 
skin as an analogous tissue to the mucosa-associated lymphoid tissue (MALT), to which 
he gave the name of skin-associated lymphoid tissue (SALT)22,23. Although MALT and 
SALT share some common features, they differ regarding functional aspects. Indeed, 
MALT contains B lymphocytes that form follicles surrounded by T-cells, whereas in the 
SALT almost all lymphocytes are T-cells which are mainly antigen-experienced memory 
cells. Nevertheless, the skin does contain immune cells and especially innate myeloid cells 
that act as antigen-presenting cells (APC) in the context of pathogen invasion. Among 
them, macrophages and five subpopulations of dendritic cells (DC) have been identified24

(Fig. 2). 

Figure 2: Mouse skin dendritic cell subsets. Adapted from Malissen et al24
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i. Epidermis 

The epidermis is the outermost part of stratified epithelium which develops from the 
ectoderm. Human and mouse epidermis have a similar organization. The human epidermis 
contains five layers (only four layers in murine skin), namely the stratum corneum (SC) 
which is the structure in contact with the external environment, the stratum lucidum 
(present only on the palms and feet soles in human), the stratum granulosum, the stratum 
spinosum and the stratum basal in contact with the dermis layer (Fig. 1). The epidermis is 
composed of approximately 95% of keratinocytes, which undergo a maturation process as 
much as they are moved toward the stratum corneum by the newly formed cells at the basal 
layer. This maturation process induces modification of the shape of the cell from column-
like at the basal layer to flat and dead cells at the stratum corneum. This migration 
mechanism leads to the shedding of the corneocytes every two weeks25. The epidermis 
contains also immune cells, for the innate immune compartment, the Langerhans cells 
which belong to the DC type (Fig. 3).  

Langerhans cells (LCs) are radio-resistant cells that establish in the epidermis from yolk 
sac progenitors before birth and renew themselves independently from bone marrow 
cells26. It has been shown, in both human and mice, that the maintenance of LCs requires 
IL-34, which is constitutively produced by keratinocytes27. This mode of renewal used by 
LCs that is independent of blood-borne precursor cells may constitute an adaptation of the 
epidermal tissue to the lack of blood vessels of its own. In mice, LCs can be identified by 
the expression of the MHC class II molecule, CD207, and CD11c. In human, the CD207 
is also a specific marker for the LC together with the CD1a24. LC are located above the 
basal layer of keratinocytes and project their dendrites upward through the tight junctions, 
which allow them to sample antigens within the cornified layer without breaching the 
stratum corneum28. More recently, a second population of LC in the epidermis has been 
identified. This other population is derived from Gr-1hi monocytes which are recruited in 
the epidermis under inflammatory conditions and have a short life. Therefore, two waves 
of cells act at the replenishment of the LC in the epidermis: (i) long-term LC-derived from 
the skin LCs precursors and (ii) short-term LC-derived from blood monocytes. At steady-
state, LCs are able to induce the polarization of T-cells into Treg when targeted by self-
antigens29. In the context of Candida albicans infection, LCs are migrating toward the 
draining lymph nodes (LNs) where they secrete high amounts of IL1β, IL-6, and TGF-β, 
leading to the differentiation and polarization of the LNs naïve T-cells into Th17 cells30. 
LCs, but also other subsets of dermal DCs, have been shown to induce a B-cell-mediated 
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antibody response by the activation of T-follicular helper cells (Tfh), and especially IgG1 
production in the model of Staphylococcus (Fig. 4). 

The other immune cells in the epidermis are mainly T-lymphocytes. In the mouse 
epidermis these lymphocytes are γδ T-cells and display dendritic shape, and they are 
therefore known as dendritic epidermal T-cells (DETC). Those T-cells express a conserved 
Vγ5 Vδ1 T-cell receptor (TCR). Upon activation γδ T-cells can produce IFNγ cytokine 
which induces inflammation and activates other immune cells31. However, in human skin, 
only a very low number of γδ T-cells is present in the epidermis32. 

Figure 3: Human and mouse skin immune cells. From Pasparakis et al.33

ii. Dermis 

Unlike the epidermis, the dermis comprises a relatively low amount of cells but consists of 
about 75% of collagen fibers (percent by dry weight). Another difference between 
epidermis and dermis is the vascularization. The dermis is highly vascularized, with 
approximately 60 to 75 capillary loops per millimeter square of human skin. The dermis is 
also composed of a dense lymphatic capillary network allowing the migration of the 
immune cells from the skin to the draining LNs25. The murine dermis contains three 
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subtypes of DC namely XCR1+ cDC (with its human equivalent CD141+ cDC), CD11b+

cDC (equivalent to the human CD1c+ cDC) and the double negative cDC (DN cDC) that 
are the only skin cells expressing a high level of CX3CR1. Although human counterparts 
have been identified in terms of functionality for most of the murine skin DC, the mouse 
subtype DN cDC has still no human equivalent. The dermis also contains monocyte-
derived DC and macrophages24.  

Dermal XCR1+ cDCs are present in both human and mouse dermis at a relatively rare 
number. Their differentiation requires the factor FLT3L. They express the XC-chemokine 
receptor 1 (XCR1) as well as the CD207, Clec9a, TLR3, CD141/BDCA3, and the 
transcription factor IRF8. This population can be subdivided into CD103+ and CD103-

population and Bedoui et al. reported that CD103+ subset is able to cross-present self-
antigens as well as skin-associated viral antigens34. They have a high turnover rate and 
migrate rapidly into the T-cell zone of the draining LNs35. There is an equivalent population 
in the LNs that expresses the CD8α instead of the CD10336. With this cross-presentation 
feature, the XCR1+ cDC population is able to induce CD8+ T-cells, particularly in the 
context of TLR3 costimulation37 (Fig. 4). 

CD11b+ cDC is the most abundant DC population in the murine dermis at steady state. 
This population expresses CD11b, IRF4, CX3CR1, and CCR2. Like the XCR1+ cDCs, the 
CD11b+ cDCs requires FLT3L for their development38. They predominantly migrate into 
the paracortex of the draining LNs, in the interfollicular zone39. It has been shown that this 
DC subset can be activated by the thymic stromal lymphopoietin (TSLP) chemokine which 
leads to the production of CCL17 and expression of CCR7, and therefore induces T-Helper 
2 (Th2) polarization40. Halim et al. showed that the depletion of the group 2 of innate 
lymphoid cells (ILC2) leads to the impairment of the skin localization of Th2 memory cells 
upon allergen rechallenge, due to the absence of IL-13 produced by the ILC2, which in 
turn induces the production of Th2 cell-attracting chemokine CCL17 by the CD11b+

cDCs41 (Fig. 4). 

Double negative dermal cDCs (DN cDCs) represent a small population in the dermis 
which does not express CD207 nor XCR1 but expresses CD11blow, CCR2, and CX3CR1. 
The development of this population requires FLT3L and depend on IRF4. This population 
has not been identified in another non-lymphoid or secondary lymphoid tissue. Upon TSLP 
secretion in the skin, DN cDC population migrates toward the draining LNs and become 
the most abundant migratory skin DCs population 24-48 h post skin stimulation35. By 
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secreting CCL17 chemokine, this population is believed to target Th2 lymphocyte 
polarization42 (Fig. 4). 

Figure 4: Mouse dendritic cells and their T-cells polarization features. Adapted from Kashem et al42

c. Transfollicular vaccination 

Currently, conventional vaccines are delivered using the two main routes of vaccination, 
namely intramuscular (i.m.) and subcutaneous (s.c.). Those two routes do not aim to target 
directly resident APC but instead depend on the recruitment of leukocytes that infiltrate the 
site of vaccination attracted by inflammatory molecules. 

Skin tissue allows the use of a large range of vaccine delivery systems including 
intradermal injection (i.d.) but also needle-free strategies, SC disruptive approaches, and 
passive techniques such as passive diffusion of protein or DNA as well as transfollicular 
route43 (Fig. 5). Several animal experiments and clinical trials have already been performed 
to investigate differents skin vaccine delivery systems (Table 1). 



11 

Figure 5: Vaccine delivery techniques for cutaneous vaccination. Adapted from44

One of the main obstacles to the development of a non-invasive skin vaccine strategy is 
the SC barrier. In this regard, the transfollicular vaccination strategy is now being explored 
as an alternative route for vaccine delivery45–48. Indeed, hair follicles (HF) represent a 
shortcut across the SC but also allow to deliver the vaccine antigen to the abundant 
perifollicular APCs. Moreover, the SC is only present in the upper third part of the HF 
which makes the way through the skin easier49. In addition, Lademann et al. showed that 
the HF display a storage behavior as applied nanoparticles can be detected inside the HF 
for up to 10 days50. Other studies, looking at the penetration depth of nanoparticle 
formulations into the HF, have demonstrated that a diameter of 600 nm allows the deepest 
penetration into the HF, at around 1400 nm using the porcine skin model51. However, the 
tight junctions present within the HF form an additional barrier which prevents 
nanoparticles of penetrating deeper52. Hence, transfollicular (TF) immunization represents 
a promising route for vaccine antigen delivery, combining skin immune cells targeting, 
non-invasiveness and painlessness. 
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Table 1: Clinical and pre-clinical skin vaccination (adapted from Combadiere B et al.53)

Technique Immunogens Disruptive technique References 

Clinical trials Patch Heat-labile (LT) 
Lymphotoxin (E. coli) 

NO 54

Patch Lymphotoxin E. coli (2 
x 10 μg) 2 
applications 

YES: stratum corneum 
disruption 

55

Patch  Rouvax® (Varicella 
vaccine) 

YES: tape stripping before 
immunization 

56

Patch Lymphotoxin E. coli (2 
x 35.5 μg) 2 
applications 

YES: abrasive technique 57

Transcutaneous anti-influenza vaccine 
Agrippal (season 
2004–2005) 

YES: cyanoacrylate skin 
surface stripping (CSSS) 

58

Pre-clinical 
experimentations 

Patch  Cholera Toxin (CT) YES: short resting time after 
shaving 

59

Topical 
application  

Inactivated HSV-1 + 
CT 

Yes: no resting time of the 
skin before immunization 

60

Patch Adenovector C 
tetanus toxin  

- 61

Patch  Yersinia pestis
Peptides + CT 

YES: immunization directly 
after shaving 

62

Patch HIV-1 Peptides + CT 
or Lymphotoxin 

YES: stratum corneum 
abrasion 

63

Patch + oleic or 
retinoic acid 

Inactivated Influenza 
virus + CT 

YES: stratum corneum 
abrasion 

64

Naked skin + 
immiquimod®  

OVA protein YES: tape stripping before 
immunization 

65

Patch + Lipid C 
+/- CT/CPG 

Chlamydia external 
membrane protein in 
lipid C 

YES: acetone before 
immunization 

66
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d. Targeting of the skin dendritic cells 

As mention in section 2.b, each skin DC is able to drive the adaptive immune response 
toward a specific polarization of the T-lymphocytes. Therefore, targeting the vaccine 
antigen to a distinct subset of DC would allow orientating the immune response in the 
needed direction according to the pathogen. For example, the cross-presenting XCR1+ cDC 
subset is of interest to target when an antiviral Th1 immune response is required. There are 
different ways to target the skin DCs in cutaneous vaccination. Special targeting could be 
obtained by administering the antigen directly to the location of the specific DC. However, 
this method usually requires breaking the skin barrier in order to access the DCs of interest. 
Skin DCs can also be targeted by customizing the chemical and physical properties of the 
vaccine antigen. Indeed, the detection and uptake of a pathogen or antigen are critical steps 
for the development of effective adaptive immune responses. Therefore, the size, shape, 
and molecular structure of the antigen can be customized to target a specific DC67. It has 
been shown that particles with a size between 20 and 200 nm are better uptaked by the DCs 
(human or murine) as compared to bigger or smaller particles, and with a higher uptake 
observed for 100 nm. Also, in vivo, polymeric particles in the size of 200 nm encompassing 
an antigen are longer presented by APCs (72 h) compared to those with a size of 40 nm (48 
h)68–71. 

3. Vaccine formulation for transdermal application 

a. Use of inactivated viruses as vaccine antigens 

The goal of vaccination is to generate a strong immune response toward a specific antigen 
which in turn is able to induce long-term protection against the corresponding pathogen. 
Inactivated virus vaccines are usually made using chemical or physical agents in order to 
remove the infectivity while retaining the immunogenicity of the virus. Thus, β-
propiolactone is already used for some human rabies vaccines and has the advantage of not 
damaging the protein antigen. However, other agents used to inactivate viruses may affect 
the immunogenicity of the antigen resulting in modified and thus, less efficient immune 
responses (e.g. shortening the immune response, narrowing the viral antigen spectrum, 
weakening the mucosal immune responses). This is, for example, the case when formalin 
is used as inactivation agent, where many antigens are irreversibly changed.  
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b. Nanoparticles as non-viral vehicles 

Conventionally, vaccine formulations contain killed pathogens (inactivated), attenuated 
viruses or subunit protein antigens. Although very effective, live-attenuated vaccines suffer 
from safety issues due to their risk for individuals who are immunocompromised as a result 
of disease or therapeutic interventions. On the other hand, inactivated pathogens, as well 
as subunit vaccines, induce weaker and sometimes incomplete immune responses. In order 
to compensate these weaknesses incorporation of an adjuvant is required. With the 
development of nanomaterials, micro- and nanoparticle-based delivery systems are now 
offering a unique possibility to develop safe and effective vaccines able to replace the 
traditional viral vectors. Indeed, those biomaterials are made of lipids, polymers or 
polysaccharides which leads to their biocompatibility and biodegradable behaviors. For 
example, chitosan, PLGA (polylactic-co-glycolic acid), and polyphosphazene (PCPP) 
polymers are “generally regarded as safe” (GRAS) by the Food and Drug Administration 
(FDA) or even already used for biomedical application in humans72. Thus, nanoparticles 
(NPs) have already been widely studied for their use as vaccine delivery system and/or 
adjuvant effects73. Moreover, NPs can be used for specific cell targeting, indeed by 
decorating the nanoparticle surface with a cellular ligand, the NP can selectively release its 
payload in the cell of interest74,75. Compared to soluble antigen alone, the delivery of an 
antigen using nanoparticles can result in an about 30-fold increased uptake by DCs76,77. In 
addition, the composition of the nanoparticles (e.g. charges, biomolecules used, etc.) 
directly affects the interaction with the target cells in terms of cell entry and subsequent 
stimulation of adaptive immune responses. For example, antigens entering by the endocytic 
pathway preferentially stimulate Th2 responses, whereas entry by membrane fusion 
usually results in Th1 dominated immune responses78. Nowadays, the most studied 
polymeric nanoparticles are based on PLGA and PLA (polylactic acid). The class of 
polyphosphazene polymers has also been intensively studied for their potential role in drug 
delivery systems. They also display immunostimulatory effects, making them useful as 
adjuvants. Vaccine formulations containing PCPP polymer have been reported as safe79. 
Polyphosphazenes are water-soluble, high molecular weight synthetic polymers. The two 
most studied members of this family are the PCPP 
(poly[di(carboxylatophenoxy)phosphazene]) and the PCEP 
(poly[di(sodiumcarboxylatoethylphenoxy)phosphazene]). They have demonstrated their 
capacity to enhance the magnitude, quality and duration of the immune response when co-
formulated with vaccine antigens80–87. Moreover, polyphosphazene polymers have already 
been used to enhance the immune response in influenza vaccines88–90. Likewise, the water-
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soluble properties of those carrier systems give to those macromolecules the potential to 
be dissolved and to release the antigen in a hydrated environment, such as the skin. Studies 
have even highlighted the potential of the PCPP and PCEP to enhance humoral and cellular 
immune responses following vaccination via the skin route88–92. 

c. Adjuvants 

Adjuvants are molecules used to enhance the immune response toward the vaccine antigen. 
This concept comes from Ramon et al, in the 1920’, who observed that horses that develop 
an abscess at the injection site of diphtheria toxoid showed a higher specific antibody 
titer93,94. Later, in 1926, Glenny et al demonstrated the adjuvant effect of aluminum 
compounds95. It is in 1936 that Freund develops an emulsion containing killed 
mycobacteria which results in the most potent adjuvant known, the so-called “Freund’s 
complete adjuvant” (FCA)96,97. Adjuvants can be used for different purposes: (i) 
enhancement of the immunogenicity of a certain antigen; (ii) reduction of the amount of 
antigen or the number of immunizations needed; (iii) increase of immune cell targeting and 
uptake98. In addition, adjuvants can be also used to tailor the antigen-specific immune 
responses according to clinical needs (Table 2). Finally, the route of vaccine application is 
also a factor that should be taken into account when choosing the adjuvant (parenteral 
adjuvants, mucosal adjuvants, …). In this regard, it is unlikely that a single adjuvant is able 
to achieve all the properties that are needed in all the future vaccines. Therefore, different 
adjuvants are needed, depending on the pathogen, to stimulate the immune response able 
to confer protection against this specific pathogen. More recently, some studies have 
addressed the possibility to use a combination of adjuvants in order to improve vaccine 
efficacy99,100. 
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Adjuvant Immune Stimulatory 
Component Mechanism of Action Immune 

Response Indication 

Alum Aluminum salts 
Release of host DNA 
from dying cells and 

proteasome activation 
Antibodies, Th2 

e.g., HAV, HBV, 
HPV, Haemophilus
influenza, tetanus, 

diphtheria 

MF59, 
AS03 

Oil–in-water (squalene 
in water) emulsion 

Mechanism unknown, 
enhanced uptake by 

APCs 

Antibodies, 
Th1/Th2, 
long-lived 
memory 

Pandemic influenza
strains (H5N1, 

H1N1) 

MLP Non-toxic derivative 
of LPS TLR 4 agonist Ab, Th1 HBV, HPV 

AS04 MPL plus alum Activation of NF-kB 
pathway Ab, Th1 HBV, HPV 

CTB Cholera toxin B 
subunit 

Binding to gangliosides 
provide T-cell 
co-stimulation 

Ab (mucosal 
IgA) Cholera (orally) 

VLP, 
Virosomes 

Self-assembling viral 
proteins 

PAMP signals, 
TLR-like APC activation 

Ab, Th1/Th2, 
memory HBV, HPV 

Liposomes 
(IRIV) 

Proteoliposomes composed
of phospholipids, 

influenza hemagglutinin 

HA induced improved 
uptake by APCs Ab, Th1/Th2 HAV, influenza 

DETOX MPL plus mycobacterial 
cell wall skeleton 

Tumor antigen induced 
T-cell stimulation Th1 Cancer 

BCG Bacillus Calmette– 
Guérin 

Promote cell-mediated 
immune reactivity to 

tumor-associated antigens 
Th1 Cancer 

HAV: Hepatitis A virus ; HBV: Hepatitis B virus ; HPV: Human papillomavirus ; MLP: Monophosphoryl lipid A ; 
VLP: Virus-like particles 

Table 2: Adjuvants licensed for human use (adapted from Riese et al.15) 

d. Influenza virus 

Influenza A viruses (IAV) belong to the Orthomyxovirus family. IAV is composed of a 
lipid envelope, which is taken from the host cell where the virus multiplied, containing 
three transmembrane proteins known as hemagglutinin (HA), neuraminidase (NA) and an 
ion channel formed by the matrix 2 protein (M2). Beneath this envelope is located the viral 
protein M1, this protein forms a shell and gives the rigidity to the virus. This protein core 
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contains eight segments of negative-sense, single-stranded RNA coding for 11 proteins 
which include, in addition to the previously cited proteins, the nucleoprotein, non-structural 
proteins 1 and 2 (NS1, NS2), polymerase acidic protein (PA) and polymerase basic proteins 
1 and 2 (PB1, PB1-F2 and PB2)101. Influenza viruses are subdivided by the antigenic 
variation of their HA and NA proteins. Currently, there are 18 HA and 11 NA serotypes 
known. 

When the virus enters the host through the oral or nasal cavities, it reaches and attaches to 
the respiratory epithelium via the HA protein. After penetrating the cell, the influenza virus 
starts to spread within the respiratory tract. Nevertheless, the viral RNA in the infected 
cells is recognized by the TLR3 and TLR7 resulting in the secretion of proinflammatory 
chemokines and cytokines including type I interferons (IFNs). The TLR family is express 
on a multitude of innate immune cells aiming at the host defense against pathogens. TLR 
molecules are composed of homologous proteins with an extracellular domain which 
contains a leucine-rich repeat and an intracellular which mediate the signal transduction. 
Upon activation, they induce the expression of proinflammatory cytokines102–105. This local 
inflammation mediates the recruitment of immune cells including neutrophils, monocytes 
and NK cells, for the clearance of the virus106,107. After this first line of innate immune cells 
recruitment, the adaptive arm of the immune system will take over with the generation of 
CD4+ and CD8+ T-cells, as well as B-cells for the clearance of the viruses, elimination of 
infected cells, and generation of an immune memory108.  

Influenza A viruses are responsible for global health burden leading to up to 650,000 deaths 
every year due to the respiratory diseases linked to seasonal flu infection109. Furthermore, 
a study based on the United States population estimates the total annual cost impact of the 
influenza epidemic at an average of $81.1 billion110. Therefore, vaccination is the most 
cost-efficient prevention method to reduce the influenza infection by controlling the 
spreading of the virus among the population. Until now, three classes of seasonal influenza 
vaccines are licensed: (i) inactivated; (ii) live-attenuated and (iii) recombinant HA protein. 
The inactivated influenza virus (IIV) is injected via i.m. route, usually composed of two 
influenza A subtypes together with an influenza B subtype, it is therefore called trivalent 
vaccine (TIV). Recently, a quadrivalent vaccine (QIV) has been licensed which include a 
second influenza B subtype in addition to the TIV. This class of vaccine induces a 
predominant IgG antibody response toward the HA protein of the virus. The live-attenuated 
vaccines contain a similar mix of influenza subtypes than the QIV but are administrated 
via the intranasal route and therefore stimulate, in addition to the systemic immune 
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responses, a mucosal immune response. In that case, IgA antibodies and cytotoxic T-
lymphocytes (CTL) are major actors in the neutralization and clearance of the virus13,111. 
Although this class of vaccine is very efficient to induce protective immunity, their use in 
high-risk populations (i.e. young children, elderly, or immunocompromised individuals) is 
not recommended, mainly because of a high risk of a severe systemic reaction against the 
vaccine112. Finally, the last group of licensed influenza vaccines is composed of four 
recombinant HA proteins (FluBlok). Clinical trials have shown that in children younger 
than 3 years Flublok induces a lower hemagglutinin inhibition titer (HI) compared to the 
licensed influenza vaccine for this population. Also, the lack of safety and effectiveness 
studies in the populations between 3 to 18 years old and older than 65 years leads to the 
exclusion of those populations for the use of the Flublok. Therefore, this vaccine is 
approved for adults between 18 to 49 years old who are allergic to eggs113. 

All in all, licensed seasonal influenza vaccines have a mean efficacy at about 60% in 
healthy adults and 83% in children, respectively114,115. However, the vaccine strains and 
the circulating epidemic virus often do not match completely and thus, only suboptimal 
protection of the population is obtained. Moreover, on the one hand the inactivated 
influenza vaccine does not stimulate robust immune responses in elderly (<20% 
protection)116 and on the other hand, the live-attenuated vaccine is not licensed for the 
population above 49 years, putting a vulnerable section of the population under poor 
protection117. Ideally, the influenza virus must protect all age groups, be safe and 
manufactured without eggs, as well as overcome the lack of patient compliance and protect 
against all influenza A viruses: the so-called “universal influenza vaccine”. 
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Aim of the thesis 

The development of non-invasive needle-free vaccination strategies for subunit vaccines 
which are able to stimulate protective immune responses against emerging and reemerging 
pathogens is a critical need in public health. 

Therefore, the overall aim of this thesis was to develop a non-invasive TF vaccination 
strategy, based on nanoparticle formulations able to protect against influenza virus 
infection. In order to achieve this goal, we first proofed if vaccination via the TF route can 
elicit protective immunity. To this end, mice were immunized with inactivated influenza 
A virus H1N1 or H5N1, which are currently been used for human vaccination. After 
validating the TF route with the inactivated virus, we moved on toward subunit vaccine 
formulation and investigated if vaccines based on polymeric nanoparticles co-formulated 
with the adjuvants c-di-AMP or αGCMPEG are able to stimulate protective immune 
responses against influenza infection. In this regard, we performed studies to gain a better 
understanding of the initiation of the antigen-specific immune responses stimulated after 
TF vaccination. Using recombinant influenza HA protein incorporated in polyphosphazene 
polymers in a similar prime-boost vaccination strategy, the early innate immune events 
occurring in the skin after TF vaccination were unraveled. The resulting knowledge should 
facilitate the development of new vaccination strategies which are safe and confer effective 
protection against infectious diseases. 
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Materials  

1. Instruments 

Table 3: Instruments and consumables

Instruments Company 

Cell counter, Z2 Coulter counter Beckman Coulter, Germany 

Cell culture plates Greiner, Germany 

Cell Harvester ICH-110 INOTECH, Switzerland 

Cell strainer 100 μm BD Bioscience, USA 

Cell tric 50 μm PArtec GmbH, Germany 

CTL Immunospotanalyser Cellular Technology, Ltd., Germany 

ELISA Reader Synergy2 BioTek, Germany 

Falcon tubes Greiner, Germany 

Flow cytometry tubes 1.2 ml MP Biomedicals, France 

Flow cytometry tubes 5 ml BD Bioscience, USA 

Flow cytometer Fortessa BD Bioscience, USA 

Flow cytometer AriaII Sorter BD, USA 

High binding ELISA plates Greiner, Germany 

Incubator, Heracell 240i Thermo Scientific, Germany 

Leica SP5 upright Leica Microsystems, Germany 

Pipettes (0.2–2 μl, 2-20 μl, 20-200 μl, 100-1000 μl) Thermo Scientific, Germany 

Pipettboy Thermo Scientific, Germany 

Plate washer ELx 405 BioTek, Germany 
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Precision 2000 automated pipetting system BioTek, Germany 

Scintillation Counter Wallac 1450 PerkinElmer, Finland 

Serological pipets Roth, Germany 

Sterile hood Hera Safe Thermo Scientific, Germany 

Thermomixer compact Eppendorf, Germany 

Two-Photon Microscopy Zeiss LSM710 Zeiss, Germany 

Vortex Genie-2 Omnilab, Germany 

2. Chemical compounds and reagents 

Table 4: Chemical compounds and reagents 

Chemicals Company 
2,2’-azino-bis (3-ethyibenzthiazoline-6 sulfonic acid) 
diammonium salt (ABTS) Sigma-Aldrich, Germany 

3-amino-9-ethyl-carbazole (AEC substrate) BD Pharmingen, USA 

Acetic acid (CH3COOH) Merk, Germany 

Ammonium thiocyanate Carl-Roth, Germany 

Ampuwa® Serumwerk, Germany 

Avidin-HRP (horseradish peroxidase) conjugated BD Pharmingen 

Bovine serum albumin (BSA) Sigma-Chemie, Germany 

Brefeldin A Sigma-Chemie, Germany 

Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) Invitrogen, Germany 

Collagenase D Roche, Germany 

Concanavalin A from canavaliaensiformis Sigma-Aldrich, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Germany 
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Dispase II Protease from Bacillus polymyxa Sigma-Aldrich, Germany 

DNAse Roche, Germany 

Ethylenediaminetetraactic acid (EDTA) Fluka, Switzerland 

Ethanol 100% Fluka, Switzerland 

Fetal calf serum, South America (FCS) Greiner Bio-One, USA 

Formaldehyde > 36.5% Riesel-de-Haën, Germany 

Gentamicine Gibco, UK 

L-Glutamine Gibco, UK 

HEPES Gibco, UK 

Hydrogen peroxide (H2O2) Sigma-Aldrich, Germany 

[methyl-3H]Thymidine 5.0 Ci / mmol Amersham, Bioscience 

Ionomycin  BD, USA 

Isofluran® Curamed vet inhalation anesthetic Essex Tierarznei, Germany 

2-Mercaptoethanol (50 mM) Gibco, UK 
Penicillin/streptomycin (100 units/ml penicillin G sodium; 50 
μg/ml streptomycin sulfate in 85% saline) Gibco, UK 

Phorbol 12-myrisate 13-acetate (PMA) Sigma-Aldrich, Germany 

RPMI 1640 medium (+L-glutamine) Gibco, UK 

Receptor destroying enzyme (RDE) Sigma-Aldrich, Germany 

Sodium acetate (CH3COONa) Merk, Germany 

Sodium carbonate (Na2CO3) Carl-Roth, Germany 

Sodium chloride (NaCl) Carl-Roth, Germany 

Sodium dihydrogen phosphate (NaH2PO4) Merk, Germany 

Sodium hydrogen carbonate (NaHCO3) Merk, Germany 

Sodium hydroxide (NAOH) Carl-Roth, Germany 

Sulfuric acid Sigma-Aldrich, Germany 
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Tris/HCl Sigma-Aldrich, Germany 

Trypsin Sigma-Aldrich, Germany 

Tween 20 Carl-Roth, Germany 

3. Antibodies

Table 5: Antibodies used for flow cytometry 

Antigen Fluorochrome Clone Dilution Company 

CD3  V500  500A2  1:200 BD Horizon, USA 

CD3  PE-Cy7 145-2C11 1:100 BD Horizon, USA 

CD4 PE-Cy7 RM4.5 1:1000 eBioscience, Germany 

CD8 BV650 53-6.7 1:300 BioLegend, USA 

CD11b BV605 M1/70 1:300 BioLegend, USA 

CD11c BV785 N418 1:200 BioLegend, USA 

CD11c FITC N418 1:500 eBioscience, Germany 

CD19 BV785 6D5 1:800 BioLegend, USA 

CD24 APC M1/69 1:300 BioLegend, USA 

CD44 BV785 1M7 1:1000 BioLegend, USA 

CD45  PerCP-Cy5.5 30-F11 1:1000 eBioscience, Germany 
CD45R 
(B220) PE-Cy7 RA3-6B2 1:600 BD Horizon, USA 

CD62L BV605 MEL-14 1:250 BioLegend, USA 

CD64 BV711 X54-5/7.1 1:200 BioLegend, USA 

CD69 PE  H1.2F3 1:200 BD Horizon, USA 

CD86 BV650 GL1 1:200 BioLegend, USA 

CD103 BV510 2E7 1:600 BioLegend, USA 
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IFNγ BV711 XMG1.2 1:300 BioLegend, USA 

IFNγ BV785 XMG1.2 1:200 BioLegend, USA 

IL-2 APC-Cy7 JES6-5H4 1:200 BD Horizon, USA 

IL-4 APC 11B11 1:200 eBioscience, Germany 

IL-10 BV421 JES5-16E3 1:150 BioLegend, USA 

IL-17 BV605 TC11-
18H10.1 1:200 BioLegend, USA 

IL-17 FITC eBio17B7 1:500 eBioscience, Germany 

Ly6G PE-Cy7 1A8 1:600 BioLegend, USA 

MHC-II BV421 M5/114-15-2 1:250 BioLegend, USA 

NK1.1 PE-Cy7 PK136 1:1000 eBioscience, Germany 

TNFα PerCPeF710 MPG-XT22 1:200 eBioscience, Germany 

γδTCR PE GL3 1:200 BioLegend, USA 

Table 6: Antibodies used for Enzyme-Linked Immunospot Assay (ELISpot) 

Antibody Conjugate Dilution Company 
Anti-mouse IFNγ Purified 1:200 BD Pharmagen, USA 

Anti-mouse IFNγ Biotinylated 1:250 BD Pharmagen, USA 

Anti-mouse IL-2 Purified 1:200 BD Pharmagen, USA 

Anti-mouse IL-2 Biotinylated 1:250 BD Pharmagen, USA 

Anti-mouse IL-4 Purified 1:200 BD Pharmagen, USA 

Anti-mouse IL-4 Biotinylated 1:250 BD Pharmagen, USA 

Anti-mouse IL-17A Purified 1:200 eBioscience, USA 

Anti-mouse IL-17A Biotinylated 1:250 eBioscience, USA 

Streptavidin Horseradish Peroxydase (HRP) 1:100 BD Pharmagen, USA 
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Table 7: Antibodies used for Enzyme-Linked Immunosorbent Assay (ELISA) 

Antibody Conjugate Dilution Company 

Goat, anti-mouse IgA Biotinylated 1:5000 Southern Biotech, USA 

Goat, anti-mouse IgG Biotinylated 1:5000 Sigma-Aldrich, 
Germany 

Goat, anti-mouse IgG1 Biotinylated 1:5000 Southern Biotech, USA 

Goat, anti-mouse IgG2a Biotinylated 1:5000 Southern Biotech, USA 

Goat, anti-mouse IgG2c Biotinylated 1:5000 Southern Biotech, USA 

Goat, anti-mouse IgM Biotinylated 1:200 Sigma-Aldrich, 
Germany 

Streptavidin Horseradish Peroxydase 
(HRP) 1:1000 BD Pharmagen, USA 

4. Solutions, buffers and culture media 

Table 8: Solutions, buffers and culture media 

Solution/Buffer Composition 
ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) 0.3 g/L ABTS in 0.1 M citric acid 

ABTS + H2O2 0.03% (v/v) H2O2 in ABTS solution 

Acetate solution (0.1 M) 148 ml acetic acid, 0.2 mM + 352 ml of 0.2 mM 
sodium acetate; adjust volume to 1L with H2O, pH 5.0

Aminoethylcarbazole (AEC) stock 
solution 100mg AEC substrate in 10 ml DMF 

AEC + H2O2
333.3 μl AEC stock solution in 10 ml 0.1 M acetate 
solution, 5μl H2O2 (30%) 

Blocking Buffer (ELISA) PBS + 3% BSA 

Carbonate buffer (0.1 M) 4.401 g NaHCO3 + 1 L H2O, pH 8.2 
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Calcium saline solution pH 7.2 1 g CaCl2 • 2H2O ; 9 g NaCl ; 1.2 g H3BO3 ; 0.052 g 
Na2B4O7 • 10H2O in 1 L  of H2O 

Dilution buffer (ELISA) PBS + 0.1% Tween 20 + 1% BSA 

Dilution buffer (ELISPOT) 1x PBS containing 10% FCS 

1 x PBS (phosphate-buffered saline) 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4*7H2O, 0.24 g 
KH2PO4 in 1L H2O, pH 7.2 

Permeabilization buffer 0.5% BSA + 0.5% saponin/PBS (w/v) 

Receptor Destroying Enzyme solution 1 vial of RDE (Sigma) in 5 ml Milli-Q water + 95 ml 
calcium saline solution, pH 7.2 

RPMI complete 10% v/v FCS heat inactivated (h.i.), 100 U/ml 
penicillin, 50 μg/ml streptomycin, 2 mM L-glutamine 

Skin cells wash buffer 1 X PBS + 2mM EDTA + 2% FCS 

Skin digestion buffer RPMI 1640 + 2% FCS + 3.2% 1M HEPES + 1% 
Pen/Strp 

Wash buffer (ELISA) PBS + 0.1% Tween 20 

Wash buffer (ELISPOT) PBS + 0.05% Tween 20 

5. Kit for cytokine detection and cell enrichment 

Table 9: Kits for cytokine detection and cell enrichment 

Kits   Company 
LEGENDplex Th Cytokines (13-plex) Biolegend, USA 

LEGENDplex Mouse proinflammatory Chemokines (13-plex) Biolegend, USA 

MagniSort Mouse CD4+ T-cell enrichment kit Invitrogen, USA 

MagniSort Mouse CD8+ T-cell enrichment kit Invitrogen, USA 

MagniSort Mouse T-cell enrichment kit Invitrogen, USA 
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6. Antigens, adjuvants and nanocarriers 

Table 10: Antigens, adjuvants and nanocarriers 

Antigens/adjuvants/nanocarrier Company 

-galactosylceramide polyethylene glycol (αGCMPEG) HZI, Germany 

Chitosan/PLGA nanoparticles HIPS, Germany 

Bis-(3'-5')-cyclic dimeric-adenosine-monophosphate (c-di-
AMP) BioLog, Germany 

Bisphosphorothioate analog of 2'3'-c-di-AMP, (Rp;Rp) 
cyclic [A(2’,5’)psA(3’,5’)ps] Invivogen, USA 

H1N1 antigen (NIBSC 13/164) NIBSC, UK 

H5N1 (NIBRG-14; see 4.1.10) NIBSC, UK 

Polyphosphazene polymer (PCEP) VIDO, Canada 

Polyphosphazene polymer (PCPP) VIDO, Canada 

Recombinant HA1 protein HZI, Germany 

Ovalbumin (OVA; Grade VII, LPS free) Invivogen, USA 

FITC-labeled WH peptid Creative peptides, USA 

7. Influenza virus 

Table 11: Influenza strains used for animal challenge 

Strain Description 

PR8 H1N1 Ova SINFEKL CD8 
Recombinant H1N1 A/PR/8/34 which contains the OVA 
epitope SIINFEKL (OT-I PR8) was offered by Dr. D 
Topham (University of Rochester Medical Center) 

H1N1 PR8 Freiburg 
Mouse adapted H1N1 A/PR/8/34 provided by Dr. P 
Blazejewska and Dr. K Schughart (Helhholtz Center for 
Infectious Research) 

H5N1 
Reassortant prepared by reverse genetics 
fromA/Vietnam/1194/2004 (H5N1) virus and 
A/PR/8/34(H1N1) virus (NIBSC, UK) 
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Influenza Luciferase Influenza 
A/PR8/33 PASTN (H1N1) 

Influenza A/PR8/33 PASTN (H1N1), expressing the 
nano luciferase protein downstream of the PA 
polymerase subunit sequence
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Methods 

1. Immunization protocol 

Female C57BL/6 mice 6 to 8 weeks of age were immunized by TF route, two days after 
shaving of an area of approximately 2 cm² using first a trimer and then VEET© depilation 
cream. The vaccinated area was covered with tape for 24 h. When vaccinating using protein 
antigen, mice received a total of 3 to 4 immunizations every two weeks on skin of the back. 
For kinetic experiments, mice received only one immunization on the inner side of the ears 
and without previous depilation. When using inactivated influenza virus, the mice were 
immunized only three times. In all this study, when adjuvanted formulation was used, 10 
µg of adjuvant per dose was applied on the skin and 7.5µg/dose was used for the s.c. and 
i.n. routes. 

2. Sample collection and processing 

In order to study at a single cell level the outcome of the immunization protocols, mice 
were euthanized using CO2 after the retro-orbital complex bleeding. Blood samples were 
centrifuged for 5 min at 8000 x g and sera were stored at -20°C for further analysis. Spleen 
and skin-draining lymph nodes were collected on ice in complete RPMI medium. Skin 
tissue (back skin or ears) was collected on a PBS solution containing dispase II.  

a. Spleen  

Single-cell suspension of splenocytes was obtained by mashing the tissue on a 100 µm cell 
mesh using the extremity of a 2 ml syringe plunger. The cell solution was transferred into 
a 15 ml falcon tube and centrifuged at 300 x g for 8 min at 4°C. The supernatant was 
discarded and for lysis of the erythrocytes, the pellet was resuspended with 1 ml of ACK 
lysis buffer for 1 min at room temperature (RT). The lysing process was stopped by adding 
10 ml of complete RPMI. After samples were centrifuged at 300 x g for 10 min at 4°C the 
supernatant was discarded and the pellet resuspended in complete RPMI prior 
determination of the cell concentration. 
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b. Skin-draining lymph nodes 

To investigate the adaptive immune responses stimulated in the tissue draining the 
vaccination area, cervical (when immunized on the ears), brachial, axillary and inguinal 
(when immunized on the back) skin-draining lymph nodes (LNs) were isolated and 
transferred into complete RPMI medium. As it was the case for the spleen, LNs were 
mashed onto a 100 µm mesh using syringe plunger. The single-cell solution was collected 
in a 15 ml falcon tube and centrifuged at 300 x g for 10 min at 4°C. Next, cells were washed 
using complete RPMI medium (or PBS if the cells were directly used for flow cytometry 
straining) and filtered before the determination of the cell concentration. 

c. Skin tissue 

After euthanasia of mice, ears were collected, washed with 70% ethanol, and the dorsal 
and ventral side were separated with the help of two forceps. Each half was incubated 
dermis side down on a dispase II solution [0.4 mg/ml] (Roche) for 2.5 h at 37°C. The skin 
was then minced in small pieces and transferred in a solution of 2 mg/ml of collagenase D 
plus 0.5 mg/ml of DNase in medium (RPMI + 2% FCS + 1% PenStrep + 3.2% 1M HEPES) 
and incubated for 45 min at 37°C under agitation. Skin digestion solution was then filtrated 
through a 50 µm cell strainer and washed in PBS + 2 mM EDTA + 2% FCS before 
determination of the cell concentration and antibody-based staining flow cytometric 
analysis. 

3. Determination of cell concentrations 

An aliquot of the cell suspension was diluted in an isotonic solution at a ratio of 1:1000. 
Cell numbers were determined using the Multi32 Coulter Z2® (Beckman Coulter) with the 
multi-size analyzer software. Only cells with a diameter between 5-10 µm were counted in 
order to exclude cell debris and tissue aggregates.  
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4. Detection of cytokine-producing cells using the ELISpot assay 

The number of antigen-specific cytokine-producing cells was determined using an ELISpot 
assay. To this end, 96-well plates (BD Pharmingen) were coated with anti-IFN-γ, anti-IL2, 
anti-IL4 or anti-IL17 antibodies overnight at 4°C. Then, plates were washed one time with 
culture medium (RPMI, 10% fetal calf serum (FCS), PenStrep, L-glutamine, and β-
mercaptoethanol) and blocked with the same medium for 1 h at RT. Cells were seeded in 
culture medium at a concentration of 5x105 splenocytes/ml in the presence or absence of 
the corresponding antigen (10 µg/ml of protein antigen (OVA or HA), 2 µg/ml of OVA 
peptide SIINFEKL and 0.5 µg of HA equivalent/ml (HAeq/ml) of inactivated influenza 
virus). The SIINFEKL peptide is specific for the MHC-I molecule which will activate 
specifically the CD8+ T-cells, where OVA protein will mainly activate the CD4+ T-cells. 
Plates were incubated 24 h for IFN-γ and 48 h for IL-2, IL-4, and IL-17. Then, cells were 
removed and the plates processed according to the manufacturer’s instructions. Colored 
spots were counted with an ELISpot reader (CTL-Europe GmbH) and analyzed using the 
ImmunoSpot image analyzer software v3.2. 

5. Antigen-specific multifunctional T-cells analysis 

To investigate the functionality and polyfunctionality of antigen-specific T-lymphocytes 
stimulated after vaccination, splenocytes were seeded at the concentration of 1x107 cells/ml 
in 6 well plates and incubated 18 h at 37°C in the presence or absence of the vaccine antigen 
(10 µg/ml for OVA and HA proteins and 0.5 µg/ml for H1N1 and H5N1 antigen). After 18 
h, brefeldin A (5 µg/ml) and monensin (6 µg/ml) were added to the culture and cells were 
incubated for further 6 h in order to block the extracellular secretion of cytokines. Finally, 
cells were collected in FACS tubes, washed in PBS and stained for surface marker and 
intracellular cytokines, as described below in section 8. 

6. Cell proliferation assay  

The ability of spleen-derived immune cells to proliferate upon restimulation with the 
vaccine antigen as well as their cytokine profile was measured 96 h post restimulation. The 
proliferative capacity was determined by the incorporation of 3H-thymidine. Splenocytes 
from vaccinated animals were incubated in 96-well plates at the concentration of 5x105
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cells/ml (flat-bottom for proliferation and U-bottom for cytokines) with increasing 
concentrations of antigen for 96 h in quadruplicates at 37°C 5% CO2 and 95% humidity. 
For analyzing proliferation, 18 h before harvesting the cells, 1 µCi of 3H-thymidine was 
added to each well. Then, cells were harvested on a filter paper (Filtermat A; Wallac, 
Freiburg, Germany) by using a cell harvester (Inotech, Wohlen, Switzerland). Melt-on 
scintillator sheets were melted on the filter allowing measuring beta irradiation using a 
scintillation counter (Wallac 1450, Micro-Trilux). The number of proliferating cells was 
indirectly determined by counting the beta radiation emitted by [3H]-thymidine 
incorporated into the DNA of proliferating cells. Results are expressed as the ratio of values 
from stimulated and non-stimulated samples [stimulation index (SI)]. 

7. Multiplex FlowCytomix (Cytometric Bead Array (CBA)) 

The presence of mouse Th1/Th2/Th9/Th17 cytokines and/or proinflammatory chemokines 
was determined using a FlowCytomix immunoassay according to the manufacturer's 
instructions (Biolegend). The cytokine profile was measured in the supernatant of antigen-
restimulated splenocytes derived from immunized mice as previously described for the 
proliferation assay.  

When analyzing the concentration of proinflammatory chemokines in skin tissue 
homogenates and sera, the proinflammatory chemokine panel of Biolegend was used. 

8. Cell staining for flow cytometric analysis 

Surface staining 

Single-cell suspensions from spleen, LNs or skin were transferred into FACS tubes or V-
bottom plates and centrifuged at 300 x g for 5 min at 4°C. After been washed with PBS, 
samples were centrifuged again at 300 x g for 5 min at 4°C and the cell pellets were 
resuspended in 100 µl PBS containing antibodies specific for the surface markers of choice 
as well as the fixable live/dead dye. Cells were stained for 30 min at 4°C in the dark. For 
staining of skin-derived cells, samples were beforehand incubated with αCD16/αCD32 
antibodies to block the Fc receptors in order to decrease unspecific staining. In addition, 
all incubation and washing steps were performed in PBS + 2 mM EDTA + 2% FCS (skin 



33 

cells buffer). In figures 6 and 7 is displayed the gating strategy for identification of the four 
subsets of skin dendritic cells (Fig. 6) and skin migrating cells in the LNs (Fig. 7). After 
incubation, cells were washed two times with PBS (or skin cells buffer). If no intracellular 
staining was needed, cells were directly acquired using the BD Fortessa flow cytometer. 

Figure 6: Gating strategy used to distinguish the different murine skin DC subsets. Gating on the live/Dead negative 
population allows excluding the dead cells. Doublet cells were excluded in two steps using first FSC-A vs FSC-H and 
then SSC-A vs SSC-W. Immune cells were gated as CD45+ and lineage positive (CD3, CD45R, NK1.1, and Ly6G) 
cells were excluded. Dendritic cells were identified as MHC-II positive cells and the four DCs subsets were gated 
using CD24 vs CD11b. 
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Figure 7: Gating strategy used to identify the murine skin migratory DCs in the draining LNs. Gating on the 
live/Dead negative population allows excluding the dead cells. Doublet cells were excluded in two steps using first 
FSC-A vs FSC-H and then SSC-A vs SSC-W. Cells positive for CD3, CD45R, NK1.1, and Ly6G were identified as 
lineage positive and therefore excluded. Then, migratory DCs were identified as MHC-IIhi and CD11c positive.

Intracellular staining 

For intracellular staining, directly after the last washing step following the surface staining, 
cells were resuspended in 100 µl of the Cytofix/Cytoperm buffer (BD Bioscience) and 
incubated for 25 min at 4°C in the dark. After this step, the cells were washed using the 
Perm/Wash buffer solution and centrifuged at 300 x g for 5 min at 4°C. Then the cells were 
resuspended in Perm/Wash buffer containing the intracellular antibody mix and incubated 
for 30 min at 4°C in the dark. Afterward, samples were washed with Perm/Wash buffer 
and resuspended in PBS for direct flow cytometer acquisition. 

Single staining and compensation beads were prepared for all used fluorochromes and used 
for the analysis using FlowJo software to assign every dye to its proper spectrum. 
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9. Antigen-specific antibody detection and functionality assessment  

a. IgG and IgG subclasses ELISA  

Antigen-specific antibody titers in sera of immunized mice were determined using ELISA. 
High binding protein plates were coated with 2 µg/ml of OVA protein or recombinant HA 
protein, or with H1N1 or H5N1 virus (1 µg HAeq/ml) in 0.05 M carbonate buffer overnight 
at 4°C. After blocking unspecific binding sites using 3% BSA in PBS, a serial 2-fold 
dilutions of sera in 3% BSA/PBS were added to the plate (100 μl/well). For the plates 
coated with HA protein, the blocking buffer used was TBS-T + 5% skim milk. The same 
buffer was used for samples dilution and incubation. After 1.5 h incubation at 37°C, plates 
were washed six times using 200 µl/well of 1% BSA/PBS/0.05% Tween 20 (or 1% skim 
milk in TBS-T buffer for the HA protein ELISA) and the secondary antibodies biotinylated 
goat anti-mouse IgG, IgG1, IgG2a or IgG2c, respectively, from Sigma ( USA) were added. 
After 1 h incubation at 37°C, plates were washed six times as previously and samples were 
incubated for 30 min at 37°C in the presence of peroxidase-conjugated streptavidin (BD 
Pharmingen, USA). Finally, after another six washing steps, reactions were developed 
using ABTS [2, 20-azino-bis(3- ethylbenzthiazoline-6-sulfonic acid)] in 0.1 M citrate-
phosphate buffer (pH 4.35) containing 0.1% H2O2. Endpoint titers are expressed as 
absolute values of the last dilution giving an optical density (OD405 nm) being two times 
higher than the values of the negative control after 15 min incubation, as previously 
described118. 

b. Hemagglutination Inhibition assay (HAI) 

i. RDE treatment of sera  

Serum of immunized mice was diluted at the ratio 1:5 in RDE solution and incubated 
overnight at 37°C. Then, the diluted serum was further diluted at a ratio 1:1 in 1.5% sodium 
citrate and heated up at 56°C for 30 min to inactivate the RDE. 

ii.  Standardization of the Red Blood Cells (RBC) 

Chicken red blood cells were centrifuged at 150 x g for 10 min at 4°C. Then, the 
supernatant was removed and the pellet washed two times with 2 volumes of 0.9% NaCl 
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solution. After washing, the RBC pellet was resuspended in 2 volumes of 0.9% NaCl 
solution, the cells were counted and the concentration was adjusted to 4,000 cells/ml, 
corresponding to a theoretical 1% of RBC solution. This cell concentration was used for 
the HAI assay. 

iii. HAI test for sera 

A serial two-fold dilution of each treated sera was prepared in a V-bottom plate with a final 
volume of 25 µl for each well. The antigen was titrated in order to contain 4 HA units/25 
µl = standardized antigen. HA unit is the amount of virus needed to agglutinate an equal 
volume of red blood cells. A volume of 25 µl of standardized antigen (H1N1 of H5N1) 
was added to all the wells. The plates were gently shaken and incubated for 30-45 min at 
RT. After the incubation step, 50 µl of standardized RBC solution was added and plates 
were further incubated for 30 min at RT. The HAI titer was finally recorded as the highest 
serum dilution where no complete hemagglutination of the RBC is observed. 

c. Enzyme-Linked Lectin Assay (ELLA) 

As for the HAI, RDE treated sera samples were diluted following a serial twofold dilution 
and transferred in a 96 well plate (50 µl per well) coated with Fetuin. Then, 50 µl of the 
antigen (H1N1 or H5N1) was added to each well and incubated between 16 to 18 h at 37°C 
in a humidified incubator. Plates were washed six times with PBS-tween, prior addition of 
100 µl per well of peanut agglutinin. Then, plates were incubated for further 2 h at RT in 
the dark. Afterward, plates were washed three times with PBS-tween and 100 µl of OPD 
in citrate buffer was added for 10 min at RT in the dark. The reaction was then stopped by 
adding 100 µl of 1N H2SO4. Finally, the OD was measured at 490 nm. The 50% NA-
inhibition antibody titer was determined as the highest dilution that resulted in at least 50% 
inhibition of the maximal signal. 

10.Naïve T-lymphocytes magnetic enrichment 

A negative selection of spleen and lymph node derived T-cells was performed using the 
MagniSort Mouse CD4+ T-cell enrichment kit (Invitrogen). According to the kit 
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instructions for CD4+ T-cell enrichment, cell suspensions were incubated with anti-mouse 
biotinylated antibodies specific for CD8, CD11b, CD19, CD24, CD45R, CD49b, Ly-6G, 
γδ TCR and TER-119 for 10 min at RT. After a washing step using PBS, streptavidin-
conjugated magnetic beads were added to the cell suspension. By positioning the samples 
then in a magnetic field, labeled cells stuck to the resin while non-labeled cells were 
recovered. After another washing step, cells have been used for in vivo and in vitro
experiments. The same negative enrichment procedure has been followed for CD8+ T-cells 
using the MagniSort Mouse CD8+ T-cells enrichment kit (Invitrogen). 

11.Adoptive transfer 

To analyze antigen-specific CD4+ and CD8+ T-cell activation after a single immunization, 
naïve T-cells from OVA-MHC-II-, OVA-MHC-I- or HA-TCR-specific transgenic mice 
were labeled using carboxyfluorescein succinimidyl ester (CFSE), a green fluorescent dye 
which is able to bind covalently intracellular proteins. The labeled cells were then injected 
intravenously (i.v.). CFSE is used as a tracking dye as well as a tool to quantify the 
proliferation of the cells. Indeed, with every cell division, all fluorescent molecules are 
equally distributed among the daughter cells, reducing the fluorescent intensity detected by 
the flow cytometer by 50%. Thus, when analyzing the proliferative capacity of the cells, 
the CFSE signal is displayed as a histogram where every peak from high intensity to low 
intensity represent one division step. 

12.In vivo determination of cytotoxic T-lymphocytes (CTL) 

For detection of antigen-specific cytotoxic T-lymphocytes, splenocytes from wild type 
(WT) mice were divided. One half was pulsed with the CD8-peptide of OVA protein for 2 
h at 37°C in complete RPMI, the other half was cultured in the absence of an antigen 
peptide. Afterward, the cells were washed two times in PBS and resuspended in PBS 
containing CFSE dye. The pulsed cells were incubated with 5 µM of CFSE whereas the 
non-pulsed cells were incubated with a concentration of 0.5 µM of CFSE for 5 min at RT. 
After incubation, an equal volume of FCS was added to both group of cells and incubated 
for 5 min at RT to stop the reaction. Finally, cells were washed two times in PBS and 
pulsed and unpulsed cells were pooled at a ratio 1:1 before to be injected i.v. to vaccinated 
mice. After 48 h, spleens, LNs, and lungs of transplanted mice were collected, processed 
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for single-cell suspension and analyzed by FACS. The killing capacity of antigen-specific 
CD8+ T-cells was then assessed as a correlate of reduced CFSE positive cell frequency, 
according to the following formula:  

% ����� = 100 − �
% �� �	�
��	 ����	� 	���

% �� ������	� 	��� ���� �������	� ��	
% �� �	�
��	 ����	� 	���

% �� ������	� 	��� ���� ��
��� ��	
� � 100

13.Challenge of vaccinated mice 

Mice vaccinated with OVA were challenged using 3 x 102 foci forming unit (ffu) of an 
H1N1/PR8 strain that expresses the OVA SIINFEKL peptide diluted in PBS (20 µl) via 
the intranasal route. Mice vaccinated with inactivated H5N1 virus were challenged using 
the mouse-adapted H5N1 virus at the dose of 2 x 103 ffu. Mice vaccinated with HA protein 
were challenged using the H1N1/PR8/PASTN strain expressing the luciferase reporter 
gene. Mice healthy status (weight and behavior) was monitored for the next following 14 
days. Where indicated, mice were sacrificed and considered as killed by the infection 
according to a score approved by the local government. 

14.In vivo Imaging System (IVIS) 

The in vivo imaging was performed using the IVIS 2000 system. Mice were injected i.v. in 
the lateral vein of the tail with the enzyme’s substrate solution NanoGlo reagent in PBS at 
a dilution of 1:20. Then mice were anesthetized with isoflurane and image acquisition was 
performed with Living Image software (PerkinElmer). Images were analyzed using the 
same software than for the acquisition 

15.Skin explant culture 

After euthanasia, ears of mice were collected, soaked for 1 min with 70% ethanol, and left 
until processing in PBS solution on ice. Then, the dorsal and ventral side were separated 
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with the help of two forceps. The ventral halves (were the vaccine formulation was applied) 
were cultured in 24-well plates (one per well) for 72 h in complete culture medium: RPMI 
(Gibco, Life technology) containing 10% FCS, 2 mM L-glutamine (Gibco, Life 
technologies), 50 µg/ml gentamicin (Gibco, Life technologies) and 50 µM β-
mercaptoethanol (Gibco, Life technologies). Emigrating cells were then collected in the 
bottom of the wells, washed with PBS, stained with fluorochrome-labeled antibodies and 
analyzed by flow cytometry. 

16.In vivo imaging using 2-Photon Microscopy 

For the in vivo imaging, mice were immunized on the inner side of the ear as already 
described in the first paragraph of the methods section. After 4 h, mice were anesthetized 
and placed on a heating stage adjusted to 37°C. The outer side of the ear was fixed to a 
metal platform and a coverslip was sealed on the top of the ear. The two-photon imaging 
was performed using the Zeiss LSM 700 system with a Mai Tai DeepSee Ti:Sa laser 
(Spectra-Physics) tuned at 920 nm. The emitted signal was split by 625 nm, 490 nm, and 
520 nm long pass and dichroic mirrors and filtered with 640-710 nm, 509-522 nm, 500-
550 nm, and 570-610 nm filters. The second-harmonic generation (SHG) corresponds of 
the interaction of two photons with the same frequency with a nonlinear material (in our 
case the collagen fibers of the skin) and generate a new photon with half of the wavelength. 
Images were analyzed using the Fiji software (HIH). 

17.Statistical analysis 

Data were analyzed using GraphPad Prism 8 software. Statistical significance of the 
observed differences were analyzed using a student’s t-test for the comparison of two 
independent groups and two-way ANOVA test for the comparison of multiple groups. 
Differences were considered significant at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and 
p < 0.0001 (****) respectively. 
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Results 

1. Vaccination strategy 

a. Skin integrity before immunization 

The aim of the present work was the development of a non-invasive nanoparticle-based 
vaccination strategy targeting the dermal immune system. To this end, animal work has 
been performed based on different mouse models. In order to have full access to the skin 
for immunization and to avoid trapping of the vaccine formulations by electrostatic 
interactions with the hair, the skin has been shaved 48 h before vaccination. As shown by 
Mittal et al. only after 48 h resting time the skin integrity reaches the basal level again as 
indicated by the relative water loss of the skin119. This is of interest since we aimed in 
developing a non-invasive vaccination strategy avoiding skin disruption prior 
immunization which would increase the risk of cross-infections. Thus, in a first attempt 
recruitment of neutrophils into the skin, reflecting inflammatory reactions has also been 
studied following depilation. In line with the results obtained by Mittal et al. the steady-
state is restored after 48 h (Fig. 8). Therefore, all the following experiments in this project 
have been performed using this shaving/immunization timeline. 
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Figure 8: Skin integrity post depilation indicated by neutrophil influx into the skin following depilation of murine 
skin.
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b. No oral “cross-vaccination” by grooming  

In order to keep the vaccine formulation on the skin and avoid any oral “cross-vaccination” 
by licking while grooming, the vaccinated area was always protected for 24 h using a 
special medical tape. Cross-vaccination has been investigated by co-housing skin 
vaccinated mice with non-vaccinated animals for 7 days following vaccination. In order to 
increase the detection of “cross-vaccination”, CFSE labeled naïve CD4+ T-cells isolated 
from HA-TCR transgenic mice were injected intravenously one day prior to the 
immunization. The TCR of the injected CD4+ and CD8+ T-cells is specific for the 
immunodominant MHC-II and MHC-I HA peptide, respectively. Activation of those cells 
by APC was evaluated measuring their proliferative capacity by FACS, as indicated by the 
reduction of the CFSE signal. None of the non-vaccinated mice showed cell proliferation 
neither at local (draining LN-derived T-cells) nor at systemic level (spleen-derived T-
cells). In contrast, LN- and spleen-derived CD4+ and CD8+ T-cells of vaccinated mice 
showed a strong proliferative capacity (Fig. 9). 

Figure 9: No oral cross-vaccination by grooming following transfollicular vaccination. HA-specific naive T-cells were 
labeled and adoptively transfered into WT mice before a single immunization. Data represent the percentage of 
proliferating CFSE labeled cells derived from (A) draining LNs and (B) spleen. Standard error of the mean (SEM) is 
indicated by vertical lines, (n=3). Differences are statistically significant with P<0.05 (*) and P>0.01 (**) compared 
to immunized Co-Housed group).



42 

2. Proof of concept: Efficient non-invasive transfollicular delivery of 
inactivated influenza virus as a vaccine antigen 

a. Adoptive transfer model 

Recent studies carried out by Mittal et al.45,119 have shown the ability of the TF route to 
stimulate antigen-specific adaptive immune responses when using OVA-loaded 
nanoparticles (NP). Although antigen-specific humoral and cellular immune responses 
have been induced using this route, no protection upon pathogen challenge has been 
described so far. Therefore, we decided to investigate whether the TF vaccination route is 
able to induce a protective immune response when using the inactivated influenza virus. 
Considering the similar size of the influenza virus compared to the NP used in the study of 
Mittal et al. (180 nm), it appeared to be the perfect choice to investigate TF vaccine 
delivery. First of all, in order to prove whether the vaccine antigen applied by TF route is 
delivered to the skin APC, uptaked, processed and presented by them to antigen-specific 
T-lymphocytes, we performed a proof-of-concept study based on an adoptive transfer 
model. Thus, the immune system of C57BL/6 mice was enriched by i.v. injection on HA-
specific T-lymphocytes 24 h before the immunization with inactivated H1N1 virus 
equivalent to 5 µg of HA adjuvanted with the STING agonist c-di-AMP. Spleen and 
draining LNs were sampled 7 days post-immunization. Both, in the draining LNs and in 
the spleen of immunized mice, we were able to determine the proliferation of antigen-
specific T-lymphocytes. Thus, this adjuvanted formulation was able to stimulate CD4+ as 
well as CD8+ T-lymphocytes, as indicated by up to 80% proliferating cells in the LNs and 
around 70% in the spleen (Fig. 10). 
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Figure 10: HA-specific proliferation of CD4+ and CD8+ lymphocytes by c-di-AMP adjuvanted inactivated H1N1 
virus. HA-specific naive T-cells were labeled and adoptively transferred into WT mice before a single immunization. 
Data represent the percentage of proliferating labeled cells (A) in the draining LNs and (B) in the spleen. Standard 
error of the mean (SEM) is indicated by horizontal lines, (n=3). Differences are statistically significant with P<0.05 
(*) and P>0.01 (**) compared to the control group.

b. Characterization of the adaptive immune responses stimulated following 
vaccination with non-adjuvanted inactivated H1N1. 

The results obtained using the adoptive transfer model provided the proof-of-concept for 
the planned vaccination strategy. However, in order to investigate more in detail the 
immune responses stimulated following TF immunization, a vaccination experiment has 
been performed in naïve mice and humoral and cellular responses have been investigated. 
The used vaccination schedule is based on previous publications as well as on in-house 
studies119,120. The adaptive immune response has been characterized two weeks after the 
last immunization (Fig. 11A). In line with what has been previously published119,120, TF 
vaccination of mice with the non-adjuvanted H1N1 formulation stimulated reasonable 
antigen-specific IgG titers (Fig. 11B). On the other hand, the observed IgG1/IgG2c 
subclass ratio of about 100 indicates a T helper 2 (Th2) dominated immune response (Fig. 
11C). 
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Figure 11: Systemic humoral immune responses induced in mice after three immunizations with inactivated H1N1 
virus via TF route. (A) Vaccination schedule. (B) H1N1-specific IgG titers in sera 13 days after the last immunization. 
(C) H1N1-specific IgG1 and IgG2c titers in the sera of immunized mice. Results are displayed as average of the last 
serum dilution (endpoint dilution, e.p.d) showing the double value (OD405nm) of the control background. SEM is 
indicated by vertical lines, (n=12). Differences are statistically significant with P>0.01 (**) with respect to the control 
group. 

Beside humoral immune responses, also the type of cellular response stimulated plays a 
critical role in efficiently combating a pathogen once an infection occurs. Thus, when 
immunizing mice with the inactivated H1N1 virus, the proliferative capacity of the antigen-
specific splenocytes upon antigen restimulation is reaching twice the baseline (i.e. non-
vaccinated animals) (Fig. 12A). Moreover, the maximal proliferation rate is already 
reached using an antigen concentration of no more than 0.5 µg of HAeq/mL, indicating an 
efficient stimulation of the immune system following TF vaccination using inactivated 
H1N1 (Fig. 12A). In order to decipher which lymphocyte subset is stimulated by 

Prime 1st Boost 2nd Boost Samling

-2 14 28 420 12 26

Shave Shave Shave

Vaccination scheduleA 
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vaccination with the inactivated H1N1, the proliferative capacity of cells derived from 
draining LNs has been monitored using the CFSE dilution assay. Despite the fact that the 
differences were not statistically significant, there is a clear trend for increased numbers of 
CD8+ T-lymphocytes and B-lymphocytes, with seven and three times higher values than 
in the control group, respectively (Fig. 12B).  

0.0 0.5 1.0 1.5 2.0

Figure 12: Cellular immune response stimulated by non-adjuvanted inactivated H1N1 virus following TF vaccination. 
(A) Splenocytes from vaccinated animals were restimulated for 96 h with different concentrations of inactivated H1N1 
virus (starting from 0.1µg HAeq/ml to 2 µg HAeq/ml). The proliferative capacity of the cells was determined by 
incorporation of 3H-thymidine. Results are the average of quadruplicates and are expressed as SI. Statistically 
significant differences when comparing the control group with respect values in mice receiving the inactivated H1N1 
antigen were assessed using two-way ANOVA with Dunnett’s multiple comparison test, with p < 0.05 (*), p < 0.01 
(**), p < 0.001 (***) and p < 0.0001 (****). (B) Draining LNs derived cells from vaccinated animals were stained 
with CFSE dye and restimulated with inactivated H1N1 virus (0.5 µg HAeq/ml). Data are expressed as number of 
antigen-specific proliferating cells per 500000 LNs cells. The proliferative capacity of the cells was assessed after 96 
h by FACS. SEM is indicated by vertical lines, (n=3).  

For further characterization of the cellular responses, we investigated the cytokine profiles 
stimulated with the inactivated virus in the speen after TF vaccination. As shown in Fig. 
13, immunization with the inactivated influenza virus H1N1 stimulated the production of 
Th1 cytokines such as IFNγ, IL-2, and TNFα, and Th2 cytokines like IL-4, IL-6, and IL-
10, as well as the Th17 cytokine IL-17. The obtained results indicate a mixed Th1/Th2 
response further confirming the observed IgG1/IgG2 ratio. 
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Figure 13: (A) The number of cytokine-producing cells (IL-2, IL-4, and IL17) was determined by ELISpot. Results 
are expressed as spot-forming units of 5x105 restimulated cells. Background was removed using unstimulated samples. 
SEM is indicated by vertical lines (n=3). (B) Cytokines secreted by splenocytes of vaccinated mice (pg/ml) cultured 
for 96 h in the presence of the vaccine antigen (0.5 µg HAeq/ml).  

Next, the protective capacity of the immune responses stimulated following TF 
immunization with inactivated H1N1 has been investigated by infecting mice with a sub-
lethal dose of the influenza strain H1N1 three weeks after the last immunization. Mice of 
the positive control (i.e. vaccinated with the inactivated H1N1 virus via s.c. route), as well 
as mice vaccinated via TF route did not display any weight loss post-infection, thereby 
indicating full protection against influenza infection. In contrast, none-vaccinated mice 
showed a drop reaching a maximum of about 10% of weight loss at day 8 post-challenge 
(Fig. 14). 
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Figure 14: Protection of vaccinated animals against influenza A virus infection. C57BL/6 mice (n=6) received three 
immunizations with non-adjuvanted H1N1 virus by TF route. Three weeks after the last immunization, mice were 
challenged with a sub-lethal dose (2x102 ffu) of the influenza strain A/PR8/F-1 (H1N1) given by i.n. route (10 µl per 
nostril). The animal body weight was monitored for a period of 14 days. Results are expressed as average percentage 
of body loss.

c. Tailored immune response using adjuvanted formulations. 

Since vaccination with inactivated H1N1 virus stimulated protective immune responses 
against virus infection in mice, the next step was to investigate if the addition of an adjuvant 
would allow a reduction of the antigen dose and/or the number of immunizations. Two 
different adjuvants have been used for this purpose: c-di-AMP and αGalCerMPEG  

The c-di-AMP, a secondary bacterial messenger which signals for DNA integrity, is 
involved in biofilm formation and regulates bacterial virulence and mobility121,122. C-di-
AMP activates the signaling molecule STING (stimulator of interferon genes) which leads 
to the activation of TBK3-IRF3 pathway resulting in the production of type I interferons 
and TNFα123. The second adjuvant, αGalCerMPEG (αGCMPEG), is a pegylated derivative 
of the well-known α-galactosylceramide, which is originally derived from the marine 
sponges Agelas mauritianus. This glycolipid was shown to be presented by CD1d 
molecules on APC and therefore act as a ligand for invariant Vα14+ NKT-cells, which in 
turn secrete upon activation large amounts of IFNγ and IL-4124,125. In order to investigate 
the possible reduction of antigen dose and/or immunization numbers, we first attempt to 



48 

compare the strength and quality of the humoral and cellular immune responses in the same 
vaccination settings described above. As shown in figure 15A, co-formulation of 
αGCMPEG with the inactivated H1N1 virus leads to significantly higher systemic antibody 
titers as compared to the control group than the co-formulation with c-di-AMP or 
immunization with H1N1 alone. However, no significant differences have been observed 
between adjuvanted and non-adjuvanted groups (Fig. 15A). Interestingly, while co-
administration of inactivated H1N1 with αGCMPEG resulted only in a minor modification 
of the direction of the stimulated immune response, co-administration of c-di-AMP 
redirects the H1N1-specific immune responses to a more balanced Th1/Th2 response (Fig. 
15B and C). Thus, c-di-AMP acts on the balance between IgG1 and IgG2c by raising the 
IgG2c antibody titers resulting in an IgG1/IgG2c ratio of around 3, which is 16 and 8 times 
lower as compared to those obtained for H1N1 alone or co-administered with αGCMPEG, 
respectively (Fig. 15B and C). Taken together, TF vaccination with H1N1 alone drives the 
immune responses toward a Th2 dominated response, whereas by adding c-di-AMP a more 
balanced Th1/Th2 response was obtained. In contrast, the modulation by αGCMPEG is 
only marginal, if any at all. 
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Figure 15: Systemic humoral immune responses induced in mice after three immunizations with adjuvanted H1N1 
virus antigen via TF route. (A) H1N1-specific IgG titers in sera 13 days after the last immunization. Each bullet symbol 
indicates an individual animal. (B) H1N1-specific IgG1 and IgG2c in the sera of immunized mice. Results are 
displayed as average of the last sera dilution (end point dilution, e.p.d) showing the double value (OD405nm) of the 
control background. (C) Antibody titer ratio IgG1/IgG2c. SEM is indicated by vertical lines. Differences are 
statistically significant with P<0.05 (*) and P<0.001 (**) compared to control group. 
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Next, we investigated the neutralizing activity of the antibodies produced after TF 
immunization toward the influenza virus using two different assays, the hemagglutination 
inhibition (HAI) assay which allows detecting the antibodies that can neutralize the virus 
by targeting the hemagglutinin protein located on the virus envelop and the Enzyme-
Linked Lectin Assay (ELLA) allowing detecting neutralizing antibodies specific for 
another envelope protein of the virus, the neuraminidase. Remarkably, while mice 
vaccinated with inactivated H1N1 alone showed very different levels of neutralizing 
antibody titers, mice receiving inactivated H1N1 co-administered with c-di-AMP produced 
almost identical antibody titers against HA and NA (Fig. 16). Although less striking 
compared to c-di-AMP, also co-administration of αGCMPEG stimulated equal levels of 
antigen-specific antibody production among mice within the group (Fig. 16). This suggest 
that the quality of the stimulated antibody responses is more robust and considerably 
enhanced by adjuvantation. 

Figure 16: Anti-HA and anti-NA neutralizing antibody titers in sera of vaccinated mice were measured by determining 
the HAI titers (black bar, n=3) for the anti-HA antibodies and by ELLA for anti-NA antibodies. For the HAI, results 
corresponds to the highest dilution of sera that prevent complete hemagglutination of 4 HA units of 
hemagglutination/25 µl. For the ELLA, data represent the highest dilution of sera that results in at least 50% inhibition 
of the maximal signal. 
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In the next step, the effect of the adjuvants on the stimulated cellular immune responses 
both at local and systemic level has been analyzed as described in section 2b. TF 
vaccination of mice with inactivated H1N1 co-administered with αGCMPEG stimulated 
stronger cellular proliferation as compared to those observed immunizing mice with virus 
alone or co-administered with c-di-AMP (Fig. 17). Likewise to what was already observed 
when mice were immunized using inactivated H1N1 virus alone, the two main populations 
activated by the adjuvanted formulations were CD8+ T-cells and B-lymphocytes (Fig. 
17B). However, adjuvantation resulted in up to threefold increased levels of CD4+ T-cells, 
up to sevenfold increased numbers of CD8+ T-cells and up to fourfold increased numbers 
of antigen-specific B-cells (Fig. 17B).  
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Figure 17: Cellular immune responses stimulated by adjuvanted inactivated H1N1 virus. (A) Splenocytes from 
vaccinated animals were restimulated with increasing concentrations of the inactivated H1N1 virus (starting from 0.1 
µg HAeq/ml to 2 µg HAeq/ml). Proliferation of the cells following 96 h of incubation was determined by incorporation 
of 3H-thymidine. Results are the average of quadruplicates and are expressed as SI. Statistically significant differences 
compared to the control group with respect to H1N1 antigen (*), H1N1 antigen + c-di-AMP (o) or H1N1 antigen + 
αGCMPEG (+) were determined using two-way ANOVA with Dunnett’s multiple comparison test, with p < 0.05 (*), 
p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****). (B) Lymphocytes derived from draining LNs of vaccinated 
animals were stained with the CFSE dye and restimulated with 1 µg HAeq/ml of inactivated H1N1 virus. The 
proliferative capacity of the cells was assessed after 96 h by FACS. Data are expressed as number of antigen-specific 
proliferating cells per 500000 LNs cells. Draining LNs cells from mice belonging to the same group (n=3) were 
pooled.  
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When evaluating the number of cytokine-producing cells stimulated after vaccination, both 
adjuvanted formulations resulted in increased cell numbers as compared to those detected 
using the antigen alone (Fig. 18A). In the same line, when analyzing the profiles of secreted 
cytokines after vaccination, both adjuvanted formulations showed increased concentrations 
of IFNγ, IL-2, IL-6, IL-10, TNFα, and IL-17A as compared to those detected using the 
antigen alone. (Fig. 18B). Moreover, only when adding an adjuvant remarkably increased 
IFNγ and IL-2 titers have been stimulated with respect to those obtained immunizing with 
H1N1 alone (Fig. 18B). Nevertheless, both adjuvants stimulated a similar cytokine profile, 
whereby in line with previous studies c-di-AMP also stimulated the production of the Th17 
cytokines IL-17A and IL-22 (Fig. 18B).  
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Figure 18: (A) The number of cytokine-producing cells (IL-2, IL-4, IL-17) was determined by ELISpot. Results are 
expressed as spot-forming units of 5x105 restimulated cells. Background values of unrestimulated samples were 
subtracted. SEM is indicated by vertical lines, (n=3). Differences are statistically significant with P<0.05 (*) and 
P>0.01 (**) compared to control group. (B) Cytokines secreted by splenocytes of vaccinated mice (pg/ml) cultured 
for 96 h in the presence of the vaccine antigen (0.5 µg HAeq/ml). 

d. Adjuvanted H5N1 formulation improve strength and quality of the immune 
response even when using low antigen doses 

From the previous experiment, we learned that co-administration of the adjuvants c-di-
AMP and αGCMPEG results in the stimulation of stronger antigen-specific cellular 
responses and modulate the quality of the elicited humoral immune responses, thereby 
leading to production of antibodies with increased biological activity. Thus, in order to 
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validate the possibility of antigen dose sparing as well as to investigate whether similar 
results will be obtained using a different antigen, we repeated the experiment described 
above using a 2.5 times lower dose of another influenza antigen, the inactivated H5N1 
influenza virus. Using the same readout, we have been able to characterize and to compare 
the strength and the quality of the immune responses stimulated after TF vaccination using 
2 µg of HA equivalent of inactivated H5N1 influenza virus with or without co-
administration of an adjuvant. In addition, we evaluated the potential of a c-di-AMP 
derivative which due to sulfonation is protected against enzymatic degradation by 
phosphodiesterases126: 2’3’-c-di-AM(PS)2. This molecule persists longer in the vaccinated 
animals, which could in turn result in a protracted immune stimulation and thus an 
improved immune response. 

Investigating the systemic humoral immune response, we observed that inactivated H5N1 
alone stimulates lower IgG-specific antibody titers (1:2583) as compared to the 
formulations adjuvanted with c-di-AMP (1:15033) and 2’3’-c-di-AM(PS)2 (1:27733), 
respectively. These titers are comparable with those obtained using 2.5 times higher 
concentrations of inactivated H1N1 virus (Fig. 15). However, only co-administration with 
2’3’-c-di-AM(PS)2 seems to result in the production of statistically higher antibody titers 
as compared to the control group (Fig 19.A). In line with the results obtained using H1N1 
antigen, co-administration of c-di-AMP or its derivative modified the stimulated immune 
responses towards a more balanced Th1/Th2 response compared to the Th2 dominated 
response stimulated by the antigen alone, as indicated by the four (c-di-AMP) and two 
(2’3’-c-di-AM(PS)2) times lower IgG1/IgG2c ratios (Fig. 19B and C).  
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Figure 19: Systemic humoral immune responses induced in mice after three immunizations with adjuvanted H5N1 
virus antigen via TF route. (A) H5N1-specific IgG titers in sera 13 days after the last immunization. Each bullet symbol 
indicates an invidual animal. (B) H5N1-specific IgG1 and IgG2c in the sera of immunized mice. Results are displayed 
as average of the last dilution of sera (end point dilution, e.p.d) showing the double value (OD405nm) of the control 
background. (C) IgG1/IgG2c antibody titer ratio. SEM is indicated by vertical lines. Differences are statistically 
significant with P<0.05 (*) compared to control group.  

While no relevant differences in the humoral responses stimulated by 2’3’c-di-AM(PS)2 
and c-di-AMP could be observed, the combination of c-di-AMP with the H5N1 antigen 
seems to be slightly more efficient at stimulating cellular response, as indicated by the 
significantly increased proliferative capacity of splenocytes from vaccinated mice 
restimulated with 2 µg/ml of HAeq H5N1 virus as compared to those observed in mice 
receiving H5N1 with 2’3’c-di-AM(PS)2 (Fig. 20A). Although not statistically significant, 
c-di-AMP seems to be more efficient at stimulating CD8+ and CD4+ T-cells with respect 
to 2’3’c-di-AM(PS)2, as indicated by increased numbers of proliferating cells. In contrast, 
the proliferative capacity of B cells does not seem to be significantly affected by c-di-AMP 
or its derivative (Fig. 20B).  
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Figure 20: Cellular immune responses stimulated by the adjuvanted inactivated H5N1 virus. (A) Splenocytes from 
vaccinated animals were restimulated with increasing concentrations of inactivated H5N1 virus (starting from 0.1µg 
HAeq/ml to 2 µg HAeq/ml). After 96 h, the proliferation of the cells was determined by the incorporation of 3H-
thymidine. Results are the average of quadruplicates and are expressed as SI. Statistically significant differences for 
H5N1 alone, H5N1 + c-di-AMP or H5N1 + 2’3’-c-di-AM(PS)2 as compared to control group were evaluated using 
two-way ANOVA with Dunnett’s multiple comparison test, with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) and P < 
0.0001 (****). (B) Draining LNs from vaccinated animals were stained with the CFSE dye and restimulated with 
0.5µg HAeq/ml of inactivated H1N1 virus. Data are expressed as number of antigen-specific proliferating cells per 
500000 LNs cells. The proliferative capacity of the cells was assessed after 96 h by FACS. SEM is indicated by 
vertical lines, (n=3). Differences are statistically significant with P<0.05 (*), P<0.01 (**), P<0.001 (***) and P<0.0001 
(****) compared to control group. 

Evaluation of the cytokine profiles stimulated following TF vaccination with inactivated 
H5N1 alone or co-administered with an adjuvant does not showed any significant 
differences between c-di-AMP and its derivative 2’3’ c-di-AM(PS)2 (Fig. 21). 
Remarkably, while the number of cytokine-producing cells has not been significantly 
increased by incorporation of either adjuvant as compared to antigen alone, both c-di-AMP 
and 2’3’ c-di-AM(PS)2 stimulated increased levels of cytokines (e.g. IFNγ and IL-17) 
secreted by the cells (Fig 21.A and B). Furthermore, beside IFNγ, H5N1 antigen alone is 
only able to induce the production of low levels of the T helper cytokines IL-4, IL-6, and 
IL-10 upon antigen restimulation. On the other hand, when adjuvanted with c-di-AMP, not 
only the expression of those three cytokines further increases, but also those of the Th 17 
cytokines IL-17A, and IL-22 (Fig. 21B). All in all, the observed cytokine profiles are in 
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line with the obtained IgG subtype ratios, thereby indicating the stimulation of mixed 
Th1/Th2/Th17 responses by the two c-di-nucleotides.  

Besides analyzing the stimulated cytokine profiles we additionally evaluated the quality of 
the stimulated H5N1-specific T-cell responses by investigating their capacity to produce 
more than only the effector cytokine. In fact, it has been shown that the presence of 
multifunctional T-cells are associated with enhanced protection against certain 
infections127–131. When investigating the polyfunctionality of the antigen-specific CD4+ T-
lymphocytes obtained from spleens of vaccinated mice, 2’3’ c-di-AM(PS)2 adjuvanted 
H5N1 shows a significantly higher frequency of multifunctional T-cells compared to H5N1 
alone (Fig. 21C). No significant differences have been detected between the two c-di-AMP 
molecules. In addition, although not statistically significant, co-administration of c-di-
AMP and its derivative seems to further increase the quality of the stimulated cellular 
response, as indicated by enhanced frequencies of tri-functional CD4+ T-cells (i.e.
production of IFNγ+, TNFα+, and IL-2+) (Fig. 21C).  
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Figure 21: (A) The number of cytokine-producing cells (IFNγ, IL-2, IL-4, and IL17) was determined by ELISpot. 
Results are expressed as spot-forming units of 1x106 restimulated cells. (B) Heatmap showing the cytokine pattern of 
splenocyte culture supernatants after 96 h of antigen restimulation (1 µg HAeq/ml). (C) The histogram displays the 
frequency of multifunctional CD4+ T-lymphocytes in the spleen 24 h after in vitro antigen stimulation and determined 
by flow cytometry analysis. The pie charts represent the percentage of each bi- (IFNγ/IL-2, IFNγ/TNFα, IL-2/ TNFα) 
or tri-functional (IFNγ/IL-2/TNFα) CD4+ T-cells among the total multifunctional cells. Background was removed 
using unrestimulated samples. SEM is indicated by vertical lines, (n=3). Differences are statistically significant with 
P<0.05 (*) and P<0.01 (**) compared to control group). 
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3. Can polymeric nanoparticles be utilized for the transfollicular 
vaccination route: the polyphosphazene polymer 

So far we demonstrated that TF immunization in principal can stimulate protective immune 
responses against infection. We also demonstrated that the antigen dose can be reduced 
when adjuvants are incorporated into the vaccine formulation. Nevertheless, complex and 
costly production processes like for the influenza virus make attractive the development of 
subunit vaccines based on synthetic antigens instead of using inactivated virus. In this 
regard, recent studies revealed already the necessity of using NP for the delivery of vaccine 
antigens via the TF route allowing entering the HF and subsequently being taken up by the 
resident immune cells resulting in antigen-specific immune responses45. In addition, those 
NP protect the vaccine cargo against degradation. However, often the described approaches 
require coarse epilation in order to increase vaccine efficacy and/or the used NPs fail to 
stimulate all arms of the immune system132,133. Therefore, new NPs need to be developed 
allowing targeting of specific skin immune cells in order to stimulate broader antigen-
specific immune responses. To this end, we investigated the usefulness of the 
polyphosphazene polymer family, especially PCPP and PCEP for TF vaccination. Indeed, 
previous studies have already confirmed the usefulness of those polymers to protect the 
vaccine cargo when applied by i.n. route as well as to stimulate the immune cells by 
displaying an adjuvant effect134,135. Polyphosphazenes are also currently studied for their 
use in combination with microneedles-based vaccination systems92. In this section, we are 
investigating the innate and adaptive immune responses following TF immunization using 
OVA as a model vaccine antigen.  

a. The nanocarrier penetrate into the hair follicle  

Previous studies have demonstrated that the use of nanoparticle for skin vaccination allows 
delivering of antigens into the hair follicle45. In order to confirm that the polyphosphazene 
formulations applied on the skin also reaches the hair follicles, we used the so-called 2-
photon microscopy which allowed us to follow the fluorescent-labeled OVA loaded in 
PCPP. The figure 22A shows two hair follicles of a mouse ear skin without any 
formulation applied to it. In figure 22B, we can see the red fluorescent OVA protein 
penetrating inside the hair follicle along with the hair (autofluorescent in green). The figure 
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22C represents a scanning through the skin layers from the dermis (number one) to the 
epidermis (number 10) in 4 µm steps. 

Figure 22: In vivo 2-photon microscopy imaging. Penetration of OVA protein labeled with the AF647 dye (red) and 
loaded in PCPP polymer. (A) Images have been recorded before skin application and (B) 4 h after. The hair appears 
in green due to the autofluorescence and the collagen fibers in grey which corresponds to the second harmonic 
generation (SGH). (C) Montage of the Z projection from the bottom to the top.  

b. Successful delivery of the vaccine antigen to skin dendritic cells 

In a first attempt, we investigated whether these polymers are able to protect the cargo and 
deliver it to the skin DC. To answer this question, we performed an adoptive transfer 
experiment in which OVA protein has been formulated with either PCPP or PCEP and 
subsequently applied on the skin of mice preliminary injected with CFSE-labeled OVA-
specific T-lymphocytes. Since it has been demonstrated by Mittal et al. the need to include 
adjuvants to generate efficient antigen-specific humoral and cellular immune responses 
when using purified antigens and NP for TF vaccination119, we performed this adoptive 
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transfer experiment using a co-formulation of antigen/polymer with adjuvant. In figure 23
it is shown that both polymers are able to deliver OVA, thereby promoting the stimulation 
of an OVA-specific adaptive immune response. However, the PCEP formulation seems to 
be more efficient, since significantly stronger CD4 and CD8 immune responses are 
stimulated with respect to those observed in the control group of non-immunized animals. 
Interestingly, while PCEP stimulated predominantly CD4+ T-cells at both local and 
systemic level, the systemic CD4 response seems to be diminished when using PCPP (Fig. 
23B). 

Figure 23: Proliferation of OVA-specific CD4 and CD8 T-cell lymphocytes. OVA-specific naive T-cells were labeled 
and adoptively transferred into WT mice 24 h prior immunization. Data represent the percentage of proliferating 
labeled cells in the draining LNs (A) and in the spleen (B). Differences are statistically significant with P<0.05 (*) 
and P<0.01 (**) compared to the control group). 

c.  Transfollicular immunization using polyphosphazenes as nanocarrier 
stimulates antigen-specific immune responses 

Having validated that polyphosphazene polymers are able to protect and deliver the vaccine 
antigen into the HF, we then investigated if the formulations are able to evoke efficient 
immune responses against the antigen in naïve mice which are able to protect them against 
a virus challenge. It has been previously demonstrated that using chitosan/PLGA NP by 
TF route resulted in the stimulation of strong antigen-specific immune responses and that 
adjuvantion is required to stimulate optimal responses119. Thus, we characterized the 
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adaptive immune response stimulated by a c-di-AMP adjuvanted formulation of OVA-
polyphosphazenes in comparison to a formulation based on chitosan/PLGA (CS/PLGA) 
NP, which was used as golden standard. When evaluating the systemic humoral immune 
response stimulated after four immunizations we observed that polyphosphazene NP are 
able to induce ten-fold higher IgG titers as compared to the titers obtained using 
chitosan/PLGA NP (Fig. 24B). No statistically significant differences could be observed 
between PCEP and PCPP. Interestingly, unlike what has been previously published, here 
the polyphosphazenes seem to be more efficient at stimulating the production of the IgG2c 
subclass with respect to the CS/PLGA NP (Fig. 24C).  
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Figure 24: Systemic humoral immune responses induced in mice after four immunizations with OVA-
polyphosphazene polymers via TF route. (A) Vaccination schedule (200 µg OVA per dose). (B) OVA-specific IgG 
titers in sera 13 days after the last immunization. (C) OVA-specific IgG1 and IgG2c in the sera of immunized mice. 
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Results are displayed as average of the last dilution of sera (endpoint dilution, e.p.d) showing the double value 
(OD405nm) of the control background. SEM is indicated by vertical lines, (n=12). Differences are statistically 
significant with P<0.05 (*) compared to the control group.

In line with the results obtained by Mittal et al.119 CS/PLGA NP in combination with c-di-
AMP induce a strong antigen-specific cellular response, as indicated by the proliferative 
capacity of the splenocytes upon restimulation with increased concentrations of OVA, 
reaching an index of 4 (Fig. 25A). In contrast, similar levels have been obtained using 
PCEP only when splenocytes were restimulated with high concentrations of OVA, whereas 
the PCPP formulation induced only a marginal proliferative capacity, if any at all. When 
analyzing in more in detail the cell types proliferating, it seems that the CS/PLGA NP are 
more efficient in stimulating CD8+ T-cells as compared to the polyphosphazene 
formulations (Fig. 25B).  
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Figure 25: Cellular immune response stimulated by c-di-AMP adjuvanted OVA-polyphosphazene formulations. (A) 
Splenocytes from vaccinated animals were restimulated with increasing concentrations of the OVA protein, the 
proliferation of the cells after 96 h was then determined by the incorporation of 3H-thymidine. Results are the average 
of quadruplicates and are expressed as SI. Statistically significant differences compared to the control group were 
validated using two-way ANOVA with Dunnett’s multiple comparison test, with P < 0.05 (*), P < 0.01 (**), P < 0.001 
(***) and P < 0.0001 (****). (B) Cells derived from draining LNs from vaccinated animals were stained with the 
CFSE dye and restimulated with 10 µg/ml of OVA protein for 96 h. The proliferation capacity of the cells was assessed 
by FACS. Data are expressed as number of antigen-specific proliferating cells per 500000 LNs cells. Draining LNs 
cells from mice belonging to the same group (n=3) were pooled.  
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Nevertheless, the PCEP and PCPP formulations are able to stimulate a significantly 
increased number of IFNγ producing CD4+ or CD8+ T-cells as compared to CS/PLGA, 
whereby PCEP seem to be more efficient at stimulating IFNγ producing OVA-specific 
CD8+ T-cells (Fig. 26A). On the other hand, CS/PLGA stimulated higher numbers of 
antigen-specific IL-2 and IL-17 producing cells compared to both PCEP and PCPP (Fig. 
26A). Considering the frequency of multifunctional CD4+ T-lymphocytes, no statistical 
differences have been observed between the three formulations. However, when analyzing 
each bi-functional (INFγ/IL-2, IFNγ/TNFα and IL-2/TNFα) and tri-functional 
(IFNγ/TNFα/IL-2) CD4+ T-cells, PCPP and PCEP show a similar pattern, whereas 
CS/PLGA induced a higher frequency of IL-2/TNFα and less IFNγ/TNFα bi-functional T-
cells as compared to the two polyphosphazene formulations (Fig. 26B). All in all, using 
polyphosphazenes as a delivery system for protein antigens seems to induce a more 
balanced Th1/Th2 immune responses as compared to CS/PLGA NP, but does not increase 
the frequency of multifunctional CD4+ T-lymphocytes.  
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Figure 26: (A) The number of cytokine-producing cells (IFNγ, IL-2, IL-4, and IL17) was determined by ELISpot. 
Splenocytes were restimulated with 10 µg/ml of OVA protein (2 µg/ml of the SIINFEKL peptide). Results are 
expressed as spot-forming units of 1x106 restimulated cells. The background was removed using unstimulated 
samples. SEM is indicated by vertical lines, (n=3). (B) The histogram displays the frequency of multifunctional CD4+

T-lymphocytes in the spleen 24 h after in vitro antigen stimulation and determined by flow cytometry analysis. The 
pie charts represent the percentage of each bi- (IFNγ/IL-2, IFNγ/TNFα, IL-2/TNFα) or tri-functional (IFNγ/IL-
2/TNFα) CD4+ T-cells among the total multifunctional cells. Background was removed using unrestimulated samples. 
SEM is indicated by vertical lines, (n=3). For each group differences are statistically significant with P<0.05 (*), 
P<0.01 (**), P<0.001 (***) and P<0.0001 (****) compared to the group OVA-CS/PLGA + c-di-AMP. 

In order to establish if vaccinated mice would be able to detect virus-infected cells and lyse 
them, we performed an in vivo CTL study. It showed that, although very modest, the PCPP 
formulation seems to be the most efficient approach for stimulating CTL compared to the 
other formulations (Fig. 27). 
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Figure 27: In vivo cytotoxic lymphocytes killing assay. The function of CTLs stimulated after TF vaccination has 
been monitored in an in vivo assay. Results are expressed as a percentage of specific killing in the spleen, LNs and 
lungs.  

d. Transfollicular immunization using formulations based on polyphosphazenes 
protects mice against live virus challenge 

Having demonstrated that the immune cells of all groups of vaccinated mice are able to 
specifically react when restimulated ex vivo with the corresponding antigen, we next 
investigated the ability of the different vaccine formulations to confer protection of the 
mice against infection with a live influenza virus expressing the OVA CD8 peptide 
SIINFEKL. Unfortunately, all vaccinated animals showed a loss of weight similar to the 
non-vaccinated mice, starting at day 3 after the challenge, peaking at day 7 and reaching a 
normal weight at day 10. In contrast, mice of the positive control (vaccinated with 
adjuvanted OVA protein by i.n. route) showed no weight loss (Fig. 28). These results 
confirm those of the in vivo CTL tests (i.e. poor capacity of the polyphosphazenes to 
stimulate CTLs), since protection in this particular challenge model is only conferred by 
CTLs recognizing the SIINFEKL peptide.  
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Figure 28: Protection of vaccinated animals against influenza A virus infection. (A) C57BL/6 mice (n=6) received 
four immunizations with adjuvanted OVA-polyphosphazene formulation by TF route. Three weeks after the last 
immunization, mice were challenged with a sub-lethal dose (3x102 ffu) of the influenza strain A/PR8/OVA SIINFEKL 
CD8 (H1N1) given by i.n. route (10 µl per nostril). The animal body weight was then monitored for a period of 14 
days. Results are expressed as the average percentage of body loss. 

4. Polyphosphazene polymer-based formulation for the recombinant HA 
protein 

a. Recombinant HA protein efficiently activate antigen-specific CD4+ and CD8+

T-cells when applied via the TF route 

As mentioned above, although the immune responses stimulated after TF vaccination using 
OVA polymer seemed to be qualitatively and quantitatively strong enough to expect some 
degree of protection against influenza virus challenge, no immunity have been observed. 
However, the challenge model is based on an influenza virus expressing only the OVA 
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CD8 peptide SIINFEKL. Therefore, only one arm of the immune system, the CD8+ T-
lymphocytes, could have acted for the clearance of the virus, whereas OVA-specific 
antibodies and T helper cells were useless. Thus, we decided to use recombinant 
hemagglutinin protein (HA) from influenza for further studies. In addition, we included 
αGCMPEG as adjuvant as we have also demonstrated its potential for TF immunization 
when using inactivated H1N1 as vaccine antigen (see Results section 2). As for the 
formulations encompassing OVA protein, we first performed a proof-of-concept study in 
order to validate the usefulness of the formulation containing recombinant HA. To this end, 
mice that have preliminarily received an i.v. injection of CFSE labeled HA-specific CD4+ 
and CD8+ T-lymphocytes were immunized by TF route using 25 µg of HA formulated 
with polyphosphazenes with and without co-administration of the adjuvants c-di-AMP and 
αGCMPEG, respectively. Seven days after TF application of the different vaccine 
formulations, we analyzed the proliferation rate of the injected cells. In line with the results 
obtained using OVA as antigen, TF immunization with the recombinant HA protein 
formulated with polyphosphazenes also results in the activation of HA-specific CD4+ and 
CD8+ T-cells. Thus, strong proliferation rates of CD4+ and CD8+T-cells have been 
observed both in the draining LNs and the spleen of immunized mice (Fig. 29A and B). 
For all formulations used the observed proliferation rates were significantly stronger 
compared to those of cells derived from mice of the control group. Interestingly, at 
systemic level co-administration of HA-PCEP with c-di-AMP seems to be more efficient 
at stimulating the proliferation of CD4+ T-cells with respect to all the other formulations. 
In contrast, HA-PCPP co-administered with αGCMPEG seems to be most efficient in 
stimulating CD8+ T-cells (Fig. 29B). However, the differences observed between the two 
polyphosphazene based formulations were not statistically significant. The presence of the 
adjuvants seemed to be dispensable, since similar results were obtained using adjuvanted 
and non-adjuvanted formulations. However, it is important to highlight that this needs to 
be interpreted cautiously, since in this model the number of antigen-specific T-cells is 
approximately 200-times higher than in naïve animals (i.e. a considerable lower efficacy is 
expected under a true vaccination setting). 
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Figure 29: HA-specific proliferation of CD4 and CD8 lymphocytes following TF vaccination using recombinant HA 
protein co-formulated with the polyphosphazene polymers PCPP or PCEP. HA-specific naive T-cells were adoptively 
transfered into WT mice before a single immunization with HA-polymer with or without c-di-AMP or αGCMPEG. 
Data represent the percentage of proliferating cells in (A) the draining LNs and (B) the spleen. Differences are 
statistically significant with P<0.05 (*), P<0.01 (**), P<0.001 (***) and P<0.0001 (****) compared to the control 
group.  

b. Characterization of the adaptive immune responses 

Like in the case of OVA, the HA protein is also successfully delivered to the skin APC 
using polyphosphazenes as delivery system, resulting in the activation of HA-specific T-
cells. This in turn also indicates a preserved structure of the recombinant HA protein, and 
adequate deliver to APC and subsequent uptake, processing and presentation to HA-
specific T-cells. Therefore, we performed a side-by-side comparison of the two polymers 
PCPP and PCEP alone and co-administered with c-di-AMP or αGCMPEG to characterize 
in detail the HA-specific immune responses stimulated in naïve mice. Considering the 
results obtained from the proof-of-concept studies (i.e. an increased immunogenicity of 
HA compared to OVA, see section 5a) as well as the production costs of the recombinant 
HA protein, the antigen dose was reduced by a factor 4 as compared to the experiments 
using OVA as vaccine antigen (i.e. 50 µg of HA protein per animal and per dose). Thus, 
we performed a vaccination experiment following the same protocol described in section 
4a iii, including one prime followed by three booster immunizations. Two weeks after the 
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last boost, the IgG antibody titer revealed that c-di-AMP and αGCMPEG significantly 
enhanced the HA-specific antibody titer when co-formulated with PCEP polymers as 
compared to the non-adjuvanted PCEP. In contrast, for PCPP no significantly increased 
antibody titer has been obtained when formulated with either of the two adjuvants (Fig. 
30A). Investigating the antibody subclasses stimulated revealed that HA-
polyphosphazenes co-formulated with c-di-AMP induced a more balanced IgG1/IgG2a 
antibody ratio (100) as compared to the non-adjuvanted formulations (1000), indicating a 
balanced Th1/Th2 immune response. On the contrary, co-administration of αGCMPEG 
does not alter the IgG subclass ratios stimulated by the polymers alone with only very low 
titers of IgG2a, indicating a Th2 dominated immune response (Fig. 30B).  

HA-P
CPP

HA-P
CEP

HA-P
CPP + c-d

i-A
MP

HA-PCEP + c-d
i-A

MP

HA-PCPP +
GalC

erM
PEG

HA-PCEP +
GalC

erM
PEG

Figure 30: Systemic humoral immune responses induced in mice after four immunizations with polyphosphazene 
polymers co-formulated with the recombinant HA protein via TF route. (A) HA-specific IgG titers in sera 13 days 
after the last immunization. (B) HA-specific IgG1 and IgG2a titers in sera 13 days after the last immunization. Results 
are displayed as the average of the last sera dilution (endpoint dilution, e.p.d) showing the double value (OD405nm) of 
the control background. SEM is indicated by vertical lines, (n=6 for the group control, HA-PCPP + c-di-AMP; n=9 
for the group HA-PCPP, HA-PCEP, HA-PCEP + c-di-AMP, HA-PCEP + αGCMPEG and n=3 for the group HA-
PCPP + αGCMPEG). Differences are statistically significant with P<0.05 (*), P<0.01 (**) and P<0.001 (***) 
compared to the corresponding non-adjuvanted group.  
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As proven for the humoral responses obtained in mice vaccinated with the 
polyphosphazene-based formulations, also the strength of the cellular immune responses 
strongly depends on the used polymers and adjuvants. Thus, HA-PCPP co-administered 
with or without adjuvant stimulated strong cellular responses as indicated by increased 
proliferation rates after re-stimulation with not more than 1 µg/ml of the corresponding 
antigen (Fig. 31). However, when restimulating with higher antigen concentrations 
becomes obvious that incorporation of c-di-AMP or αGCMPEG further increased the 
proliferative capacity of splenocytes derived from mice vaccinated with the HA-PCPP 
formulation (Fig. 31). Thus, at the maximal antigen concentration (20 µg/ml) all four 
adjuvanted formulations reach a stimulation index between 4 and 5, whereas the HA-
polymers without adjuvant peak at 3 (Fig. 31). Similar results have been observed in case 
of the HA-PCEP formulation. However, the obtained proliferation rates are significantly 
lower as compared to non-adjuvanted HA-PCEP (Fig. 31). Moreover, no significant 
differences have been observed between the adjuvanted formulations.  

Figure 31: Cellular immune response stimulated by adjuvanted HA-polyphosphazene formulations. Splenocytes from 
vaccinated animals were restimulated with an increased concentration of HA protein (starting from 1 µg to 20 µg/ml). 
Proliferation of the cells after 96 h was determined by the incorporation of 3H-thymidine. Results are average of 
quadruplicates and are expressed as SI. SEM is indicated by vertical lines. Statistically significant differences 
compared to the corresponding non-adjuvanted group with respect to HA-PCPP, HA-PCEP, HA-PCPP + c-di-AMP 
(+), HA-PCEP + c-di-AMP (I), HA-PCPP + αGCMPEG (o) or HA-PCEP + αGCMPEG (□) were evaluated using 
two-way ANOVA with Dunnett’s multiple comparison test, with P< 0.05 (*), P< 0.01 (**), P< 0.001 (***) and P< 
0.0001 (****).  
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Upon in vitro antigen restimulation, lymphocytes of vaccinated animals do not only 
proliferate, they also secrete cytokines which allow to draw conclusions about their 
polarization. In line with the observed IgG subclass profiles, HA-polyphosphazene 
formulations seem to stimulate a predominant Th2 like immune response, as demonstrated 
by increased numbers of IL-4 producing cells (Fig. 32A). The incorporation of c-di-AMP 
and αGCMPEG in the formulation resulted in significantly increased numbers of HA-
specific IL-2 and IL-4-producing cells only when using the PCEP polymer, as compared 
to HA-PCEP alone. In addition, the number of IFN-producing cells is significantly higher 
when mice were vaccinated with HA-PCEP co-administered with c-di-AMP and 
αGCMPEG, as compared to those detected in mice receiving HA-PCPP + αGCMPEG and 
c-di-AMP (Fig. 32A). However, when analyzing the cytokine concentrations detected in 
the supernatant of antigen restimulated splenocytes from immunized mice, 
polyphosphazenes also seem to stimulate Th17 cells as indicated by increased levels of IL-
17A and IL-22 (Fig. 32B). The same is true when HA-polymers were co-administered with 
αGCMPEG. Again, consistent with the observed IgG subclass profiles, incorporation of 
αGCMPEG did not alter the Th cell polarization nor increased cytokine production (Fig. 
32). Interestingly, αGCMPEG is known to suppress the stimulation of Th17 responses 
favoring more a Th1 response136,137, but in case of the HA-polymers it could not overcome 
the responses stimulated by the polyphosphazene. The c-di-AMP seems to further increase 
the cytokine production stimulated by HA-PCPP, whereas almost no cumulative effect 
could be observed for the HA-PCEP formulation (Fig. 32B). Notably, PCPP seems to 
increase the amount of IFN produced by splenocytes derived from immunized mice, 
whereas TF application of PCEP results in increased numbers of IFN producing cells (Fig. 
32).  
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Figure 32: Antigen-specific cytokine-profiles stimulated by HA-polymers co-administered with different adjuvants. 
(A) The number of cytokine-producing cells (IFNγ, IL-2, IL-4, and IL17) was determined by ELISpot. Splenocytes 
were restimulated with 10 µg/ml of HA protein. Results are expressed as spot-forming units of 1x106 restimulated 
cells. Background was removed using unstimulated samples. SEM is indicated by vertical lines, (n=3). Differences 
are statistically significant with P<0.05 (*), P>0.01 (**) and P>0.001 (***) as compared to the corresponding non-
adjuvanted group. (B) Heatmap representing the cytokines secreted by splenocytes (pg/ml) derived from vaccinated 
mice incubated with recombinant HA [10 µg/ml] for 96 h.
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c. Transfollicular immunization using polyphosphazene polymer formulated with 
recombinant HA protein protects mice against influenza infection 

Characterization of the adaptive immune responses stimulated following HA-
polyphosphazene vaccination revealed small quantitative and qualitative differences 
between the two polymers PCPP and PCEP. This is especially true for the stimulated 
cellular responses. Therefore, in the next step we evaluate if the HA-polyphosphazene 
formulations applied via TF route are able to confer protection against an influenza virus 
infection. Currently, it is well accepted that neutralizing antibodies correlate (imperfectly) 
with protection138–141. However, promoting robust immune defenses, including cytotoxic 
immunity, would provide more efficient protection against influenza virus, for both 
defending against virus antigenic change (drift and shift) and longevity of protective 
immunity. Thus, pre-existing influenza-specific CD4+ T-cells correlate with disease 
protection against experimental influenza challenge in man, whereas virus-specific 
cytotoxicity inversely correlated with the extent of virus shedding after experimental 
infection in the absence of influenza-specific antibodies142,143. Therefore, we next 
investigated initially the protective capacity of the immune responses stimulated by HA-
PCEP co-administered with c-di-AMP and αGCMPEG. Following TF immunization, mice 
were infected three weeks after the last immunization with the influenza strain A/PR8 
H1N1 expressing the luciferase. Mice vaccinated with HA-PCEP co-administered with 
either of the adjuvants were fully protected (100%) against the influenza infection, not 
showing any malaise as indicated by their constant weight levels (Fig. 33A and B). In 
contrast, TF immunization of mice using HA-PCEP alone did not stimulate efficient 
immune responses resulting in only 33.3% protection compared to 16.6% protection 
observed for the untreated control group (Fig. 33B).  
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Figure 33: Protection of vaccinated animals against influenza A virus infection. (A) BALB/c mice (n=6) received 
four immunizations with adjuvanted or non-adjuvanted HA-PCEP formulation by TF route (the positive control was 
vaccinated s.c. with 10 µg of c-di-AMP adjuvanted HA protein). Three weeks after the last immunization, mice were 
challenged with the influenza strain A/PR8/Nluc (H1N1) given by i.n. route (10 µl per nostril). Animal health status 
was monitored for a period of 14 days. (A) Weight development of infected mice is expressed as the average 
percentage of body loss. (B) Survival rate is expressed as percentage of survival.

Experiments were also performed to evaluate the viral loads in lungs of immunized mice 
following infection with the influenza strain A/PR8/Nluc (H1N1). This influenza virus 
contains the sequence for the luciferase Nluc downstream of the PA polymerase subunit 
sequence allowing in vivo monitoring of the course of infection144. In line with the observed 
survival rates, non-vaccinated mice (control group) and mice vaccinated with HA-PCEP 
alone showed higher viral loads in the lungs compared to mice receiving HA-PCEP co-
administered with an adjuvant, as demonstrated by the luminescence intensity recorded in 
the lungs at day 7 after i.n. infection (Fig. 34A and B). Nevertheless, although TF 
immunization of mice using HA-PCEP co-administered with c-di-AMP and αGCMPEG 
results in 100% protection against influenza it seems that the efficacy of this vaccination 
strategy could still be optimized. Hence, estimating that 10% of the applied antigen dose 
enters the skin already a twofold increase of the dose seems to be efficient in further 
reducing viral load as indicated by the reduced viral load in lungs of mice immunized by 
s.c. route using 10 µg of HA (Fig. 34A and B). 
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Figure 34: In vivo bioluminescence imaging of mice at day 7 post-inoculation of live H1N1 virus expressing the 
luciferase protein. (A) A representative image series of four vaccinated mice from each group. Data are expressed in 
photons per second per square centimeter per steradian (p/s/cm2/sr). (B) Graph summarizing the average of radiance 
recorded by the in vivo imaging system. SEM is indicated by vertical lines (n=4). Differences are statistically 
significant with P>0.01 (**) compared to the control group.  

5. Deciphering the local early events triggered by transfollicular 
immunization. 

a. Antigen uptake by skin DC following TF immunization 

Although we have demonstrated that TF vaccination results in the induction of potent 
antigen-specific immune responses protecting mice against an influenza infection, we 
aimed at unraveling the underlying mechanisms in order to further improve vaccine 
efficacy. To this end, we initially identify the skin DC subset targeted by TF vaccination. 
For this, naïve C57BL/6 mice were immunized on the ventral ear side via the TF route 
using DQ-OVA, a fluorescent-labeled OVA protein in which the fluorescence is emitted 
upon cellular processing of the protein antigen. As it has been already described the antigen 
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needs to be protected against skin protease degradation, but also a certain size (around 180 
µm) of the antigen is needed to reach a maximal depth of the HF through mechanical 
interactions with the hair50,51. For this reason, we decided to use the already known 
polyphosphazene polymer family and more precisely the PCPP member, which will form 
with OVA a nanoparticle like formulation. In addition, considering the quantitative and 
qualitative improvement of the immune responses when the inactivated H1N1 was co-
formulated with either c-di-AMP or αGCMPEG, we decided to include both of them in 
this study. Therefore, four formulations have been compared side by side: DQ-OVA alone, 
DQ-OVA formulated with PCPP, DQ-OVA PCPP adjuvanted with c-di-AMP and DQ-
OVA PCPP adjuvanted with αGCMPEG. Ears were harvested at different time points 
between 1 to 96 hours after immunization, skin cells and draining LNs were subsequently 
isolated and processed for flow cytometric analysis (Fig. 35). 

As shown in figure 36A, antigen uptake and processing by skin DC is strongest already 
1 h post-immunization. For all the formulations, the percentage of DQ-OVA positive DC 
is similar (6 to 7%). However, DC targeted by DQ-OVA PCPP co-administered with c-di-
AMP seem to migrate earlier to the draining LNs as compared to DQ-OVA PCPP alone or 
co-administered with αGCMPEG adjuvant (Fig. 36A). Thus, while in mice receiving c-di-
AMP as adjuvant almost no DQ-OVA positive DC could be detected in the skin already 
after 24 h, this was the case for mice receiving DQ-OVA PCPP alone or adjuvanted with 
αGCMPEG only 72 h after TF application. By calculating the area under the curve (AUC) 
of each vaccine formulation, which corresponds to the sum over time of the cumulated cell 
abundances expressing the antigen from 0 h to 96 h, we can confirm that the DC targeted 
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Figure 35: Immunization and sampling schedule.
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by DQ-OVA PCPP + αGCMPEG adjuvant formulations persist significantly longer in the 
skin before migrating to the draining LNs as compared to the DC from mice immunized 
with DQ-OVA alone (Fig. 36B).  
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Figure 36: Kinetic of vaccine antigen uptake and processing by skin DC. (A) Frequence of antigen-positive skin DC 
at the site of vaccine application was determined by flow cytometry over time (n=6 for each time point from 0 to 48 h 
for groups DQ-OVA PCPP, DQ-OVA PCPP + c-di-AMP and DQ-OVA PCPP + αGCMPEG and n=3 for group DQ-
OVA; n=3 for time points 72 h and 96 h for the group DQ-OVA PCPP, DQ-OVA PCPP + c-di-AMP, and DQ-OVA 
PCPP + αGCMPEG); no data for the time point 72 h and 96 h for the group DQ-OVA. (B) The AUC of each 
formulation is displayed (AUC of the frequency of antigen-positive DC of the whole kinetic with a baseline of 0). 
SEM is indicated by vertical lines. Differences are statistically significant with P<0.05 with respect to the group DQ-
OVA alone. 

We then determined more in detail which skin DC subpopulation is prone to uptake DQ-
OVA antigen delivered using PCPP alone or adjuvanted. As shown in figure 37, the 
majority of DQ-OVA is taken up by the CD11b+ DCs population (between 86 to 96%), 
independently of the used formulation. Another 7% to 10% are taken up by the LC 
subpopulation, whereby co-administration of αGCMPEG seems to enhance the frequency 
of uptake by LC as compared to DQ-OVA delivered using PCPP alone (Fig. 37). In 
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contrast, DN-DCs and XCR1+ DCs represent only 1 to 1.5% of the skin DCs taking up DQ-
OVA (Fig. 37). In line with what was observed for the overall kinetic, this holds true over 
6 h prior to cell migration to the draining LNs (Fig. 37A-C). 
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Figure 37: Vaccine antigen uptake and processing by skin DC subpopulations. The frequency of each of the four skin 
DC subpopulations among all the DQ-OVA positive DCs is displayed for all PCPP formulations. (A) 1 h, (B) 3 h and 
(C) 6 h post-immunization. SEM is indicated by vertical lines (n=6). Differences are statistically significant with 
P<0.05 (*) and P>0.01 (**). 

b. DC activation following transfollicular immunization 

In the next attempt, we analyzed the activation status of the skin DC subpopulations 
following TF immunization using DQ-OVA loaded PCPP polymer with or without co-
administration of an adjuvant. The obtained results show that all formulations stimulated 
the same degree of expression of the activation marker CD86 by LC even when mice 
received DQ-OVA alone (Fig. 32). In contrast, c-di-AMP seems to be most efficient in 
activating CD11b+ DCs, DN cDCs, and XCR1+ DCs, as indicated by increased CD86 
expression levels as compared to all other vaccine formulations. However, the differences 
were significant only in the case of the CD11b+ DCs and DN cDCs populations when 
compared to those obtained in mice receiving DQ-OVA alone (Fig. 38). Interestingly, co-
administration of αGCMPEG does not seem to further increase the levels of expression of 
CD86 with respect to what was observed for DQ-OVA PCPP alone (Fig. 38). 
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Figure 38: Activation of skin DC after TF immunization of mice with different PCPP based formulations. The 
expression level of the activation marker CD86 was evaluated by flow cytometric analysis (MFI) and results were 
displayed as AUC of cumulated abundance of CD86 expression over time from 0 h to 96 h. SEM is indicated by 
vertical lines. Differences are statistically significant with P<0.05 (*) compared to values obtained for mice receiving 
DQ-OVA alone. 

c. Migration of skin dendritic cells. 

We next evaluated the migration properties of the skin DC following TF vaccination using 
DQ-OVA–PCPP formulations. To this end, the frequency of the four DC subpopulations 
of the skin was monitored by flow cytometry for a period of 96 h. The acquired values 
were normalized for those detected at timepoint 0 h. The obtained results indicate, that 
CD11b+ DCs are recruited to the area of application starting 6 h after immunization, 
independently of the used formulation (Fig. 39A). In contrast, DN cDCs start to migrate 
and leave the skin 15 h post-immunization as indicated by the decreasing frequency (Fig. 



79 

39B). Similar migration behaviors have been observed in case of the XCR1+ DCs. 
However, this subpopulation seems to migrate already after 1 h, especially when mice 
received the formulation including c-di-AMP as adjuvant (Fig. 39D). Interestingly, LC do 
not seem to migrate but rather persist in the skin (Fig. 39C).  

Figure 39: Migration kinetics of the four main skin DC subpopulations. Frequency of each subpopulation, for each 
time point and for each formulation, determined by flow cytometry among CD11c+ MHC-II+ cells (the frequency is 
normalized to the timepoint 0 h among each experiment). Data are average of 6 mice out of two experiments for the 
time points 0 h to 48 h regarding the formulations containing PCPP and 3 mice for the formulation DQ-OVA alone. 
For the time points 72 h and 96 h three mice for all the formulation with PCPP have been used while no data for the 
group DQ-OVA alone have been investigated. 

In order to investigate more in detail the impact of each vaccine formulation on the four 
DC subpopulations, the area under (recruitment) and above (migration) the curve, 
respectively, has been calculated for each formulation considering a baseline of 1 (Fig. 40). 
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Again, the obtained results showed no differences between the migration behavior of 
CD11b+ DCs stimulated with the different formulations. Thus, all PCPP based 
formulations significantly increased the recruitment of this DC subpopulation as compared 
to the formulation encompassing DQ-OVA alone for which no migration could be 
observed. When evaluating the impact of the PCPP on LCs, recruitment and migration are 
balanced but slightly increased compared to DQ-OVA alone (Fig. 40). In contrast, although 
not statistically significant, using PCPP with or without co-administration of an adjuvant a 
clear trend emerged suggesting enhanced migration capacity of DN cDCs, especially in 
case of αGCMPEG. Interestingly, the migration capacity of XCR1+ DCs was significantly 
stronger in mice receiving DQ-OVA PCPP formulation co-administered with c-di-AMP, 
whereas αGCMPEG had almost no effect on this DC subpopulation as compared to DQ-
OVA alone (Fig. 40). 

Figure 40: Impact of the formulation on the frequency of skin DC subpopulations. The frequency of each DC 
subpopulation was monitored over a period of 96 h and expressed as AUC. For frequencies increasing over time, AUC 
was considered as recruitment into the skin (white bars) whereas for frequencies decreasing over time AUC was 
considered as migration out of the skin (black bars). SEM is indicated by vertical lines (n=6 for all formulations except 
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for DQ-OVA group (n=3)). Differences are statistically significant with P<0.05 (*) and P<0.01 (**) compared to DQ-
OVA alone group.

d. Migration of skin dendritic cells to the draining lymph nodes 

After analyzing the migration behavior of the skin DC subpopulations following TF 
immunization with the PCPP based vaccine formulations, we investigated the draining LNs 
of the vaccinated mice for influx of migratory DC. Migrating skin DC easily can be 
distinguished from LN-resident DC because of their increased expression level of the 
MHC-II molecule on their surface145. Analyzing by flow cytometry the frequency of 
migratory DCs in the draining LNs during our kinetic schedule, we observed that TF 
immunization with DQ-OVA PCPP + c-di-AMP resulted in significantly increased 
numbers of migratory DC in the draining LNs when compared to DQ-OVA alone (Fig. 
41A). Although the obtained levels of migratory DC using c-di-AMP were also increased 
compared to DQ-OVA PCPP alone and co-administered with αGCMPEG, respectively, 
the differences were not significant (Fig. 41A). The same is true when comparing the 
expression levels of the well-known DC activation marker CD86. However, 48 h after 
immunization, upregulation of CD86 by the cells migrating from the skin to the draining 
LNs is significantly higher in mice receiving DQ-OVA PCPP adjuvanted with c-di-AMP 
as compared to those of mice immunized with DQ-OVA alone and DQ-OVA PCPP (Fig. 
41B).

Figure 41: Recruitment of migratory skin DC following TF immunization. (A) The frequency of the skin migratory 
DCs is displayed as AUC for each formulation. (B) The expression of CD86 activation marker, normalized to the time 
point 0 h is displayed as curve over time. SEM is indicated by vertical lines (n=6 for all formulations except for DQ-
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OVA group (n=3)). Differences are statistically significant with P<0.05 (*), P<0.01 (**) and P<0.0001 (****) 
compared to DQ-OVA alone group. 

e. Deeper characterization of the migrating skin dendritic cells 

Although migratory skin DC can be identified within the draining LNs, not all of these DC 
also carry the antigen. In addition, cells are not migrating at the same time and some 
migrating cells also tend to change their phenotype upon migration, such as the XCR1+

DCs for example35,146. Therefore, instead of verifying the different migratory DC subsets 
in the draining LNs in vivo we decided to deeper characterize the migration behavior of 
skin DC subsets post-immunization using an ex vivo model of skin explant cultures. In that 
case, LC and XCR1+ DCs cannot be distinguished with the expression of CD11 marker, 
therefore in the next experiment we have analyzed both populations together based on the 
marker CD24 only and referred them as langerin positive cells. According to the previous 
data, we have decided to study the migration of the skin cell ex vivo for 72 h after TF 
immunization.  

Surprisingly, when focusing on the antigen-positive migratory cells, Langerin+ cells turned 
out to be the most common cells migrating to the draining LNs upon vaccine antigen uptake 
followed by CD11b+ cDC and DN-DC (Fig. 42). Furthermore, co-administration of c-di-
AMP significantly increased the number of antigen-positive migratory Langerin+ cells as 
compared to non-adjuvanted PCPP formulated DQ-OVA. However, no statistically 
significant differences could be observed between the adjuvanted and non-adjuvanted 
groups for the CD11b+ cDC and DN-DC subpopulations (Fig. 42).
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Figure 42: Migration of antigen-positive DC subpopulations. Data are the number of antigen-positive cells that 
migrate from ear skin over a period of 72 h of culture. SEM is indicated by vertical lines (n=6 for all formulations 
except for DQ-OVA group (n=3)). Differences are statistically significant with P<0.05 compared to non-adjuvanted 
DQ-OVA PCPP group.

f. Local pro-inflammatory chemokine profile 

So far we know that TF immunization with the different PCPP based vaccine formulations 
results in migration and recruitment of DC. In order to get a more detailed understanding 
of the underlying mechanisms we also investigated the local microenvironment stimulated 
upon TF immunization. To this end, we analyzed the kinetics of the pro-inflammatory 
chemokine profiles in the skin tissue stimulated following TF immunization. In figure 43
is displayed the fold change increase of the chemokine concentrations in the skin over time 
for three DQ-OVA PCPP based formulations. Interestingly, depending on the composition 
of the used formulation very different chemokine profiles have been observed (Fig. 43). 
Indeed, using the non-adjuvanted DQ-OVA PCPP formulation only a few chemokines 
were upregulated starting 6 h post-immunization. Thus, the expression of the chemokines 
CXCL-1 and CCL-2 (MCP-1), which are responsible for chemotactic and proinflammatory 
effects, was raised at 6 h and lasted for 18 h. On the other hand, the production of CCL-3 
(MIP-1α), which specifically attracts immature DC and lymphocytes, was strongest 72 h 
after immunization (Fig. 43A). In contrast, when c-di-AMP was incorporated not only 
much higher chemokine expression levels but also a broader spectrum of chemokines have 
been observed post-immunization. In addition to CXCL-1, CCL-2 and CCL-3, also 
expression of the chemokines CCL-4 (MIP-1β, among others attracts natural killer cells), 
CCL-5 (among others chemotactic for T-cells) and CXCL-10 (chemoattractant for 
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different immune cells) have been strongly upregulated (Fig. 43B). Furthermore, 
expression of CXCL-1 and CCL-2 started already 3 h and 1 h after TF application, 
respectively. Nevertheless, for both formulations chemokine expression was strongest 
between 15 h and 24 h post-immunization (Fig. 43B). Surprisingly, mice receiving 
αGCMPEG as adjuvant mainly produced CCL-3 followed by CCL-2 and CXCL-1 (Fig. 
43C). Furthermore, CCL-3 expression rapidly increased already 3 h after immunization 
and lasted for 4 days, indicating a prolonged specific attraction of immature DC and 
lymphocytes (Fig. 43C).  

Figure 43: Pro-inflammatory chemokine profiles in the skin following TF vaccination monitored for 96 h. Data are 
displayed as fold change increase of the chemokine concentration [ng/ml] as compared to the time point 0 h.

g. Neutrophils recruitment in the skin 

Recent studies have highlighted the role of neutrophils population during vaccination147,148. 
Indeed, neutrophils have been shown to be recruited very fast at the site of vaccine 
application. Moreover, Duffy et al. have observed the antigen uptake and migration 
behavior of the neutrophils when the modified vaccinia Ankara virus was injected 
intradermally149. Therefore, considering the release of proinflammatory chemokines in the 
skin, we then assessed the frequency of neutrophils recruited in the skin following 
immunization. In line with the observed chemokine profiles, TF immunization with 
adjuvanted and non-adjuvanted DQ-OVA PCPP induced the recruitment of neutrophils 
into the skin starting 6 h post-immunization and lasting up to 96 h, with a peak between 
15 h to 24 h according to the formulation used (Fig. 44A). However, incorporation of c-di-
AMP as adjuvant seems to be most efficient in the recruitment of neutrophils as compared 
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to the other formulations. Nevertheless, although not statistically significant, vaccination 
using DQ-OVA PCPP and DQ-OVA PCPP + αGCMPEG also seem to stimulate a stronger 
neutrophil recruitment as compared to the formulation containing only DQ-OVA (Fig. 
44B). 
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Figure 44: Kinetic of neutrophils recruitment in the skin following TF immunization. (A) Frequency of neutrophils 
among the CD45+ skin cells at the site of vaccine application was determined by flow cytometry over time (n=6 for 
each time point from 0 to 48 h for the groups DQ-OVA PCPP, DQ-OVA PCPP + c-di-AMP and DQ-OVA PCPP + 
αGCMPEG, and n=3 for group DQ-OVA; n=3 for time points 72 h and 96 h for the group DQ-OVA PCPP, DQ-OVA 
PCPP + c-di-AMP, and DQ-OVA PCPP + αGCMPEG); no data for the time point 72 h and 96 h for the group DQ-
OVA. (B) The AUC of each formulation is displayed (AUC of the frequency of neutrophils population of the whole 
kinetic with a baseline of 1). SEM is indicated by vertical lines. Differences are statistically significant with P<0.05 
(*) compared to values obtained for mice receiving DQ-OVA alone.
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Discussion 

Even before Jenner and Pasteur, physicians through every century used the most exotic 
inoculation techniques that finally led to the important development of vaccination 
strategies150. Nowadays, vaccines constitute one of the greatest success stories of medical 
interventions. For instance, vaccination resulted in the eradication of the smallpox virus 
and the control of ten major pathogens. Therefore, vaccination represents the most 
promising tool for the prevention and control of infectious diseases. However, despite this 
success, there is still plenty of room for improvement to face the ongoing and future 
epidemics and the spread of newly emerging pathogens. Furthermore, a number of 
infectious agents are still able to overcome vaccine efficacy and keep spreading151–153. For 
example, HIV viruses show a fast mutation rate and more strikingly infect those cells 
needed to efficiently combat this pathogen. Another example is the influenza viruses which 
are able to mutate and rearrange their epitopes in a short time usually making the 
vaccination effective for no more than a year.  

On top of it, vaccination is currently facing another challenge, that comes from the 
population itself. Thus, there is a prevalent decline of compliance for vaccination, which is 
directly linked to the trust or mistrust of the population toward vaccine efficacy and safety. 
The resultant suboptimal vaccination rates subsequently lead to the rebound of some 
infections that were previously tightly under control154. For example, even though safe and 
cost-effective vaccines against measles are available, the gap in vaccination coverage leads 
to new outbreaks of the virus all over the world (Source WHO155). To prevent outbreaks, 
vaccination coverage of 95% is needed. However, public concern about measle vaccination 
explain that globally only 85% coverage is reached for the first dose of the measle vaccine, 
further dropping to only 67% for the second dose (Source WHO156). Taken together, there 
is an urgent need for the development of new safe and efficient vaccines with easy 
administration logistics to keep the success story of vaccination. 

In this regard, we aim at developing a non-invasive vaccination strategy based on 
transdermal application. In the past few decades, cutaneous vaccine administration has 
been intensively studied. Besides being the largest organ of the human body, the skin tissue 
is populated by an enormous number of immune cells. Today, the skin is already used for 
drug delivery i.e. because of its interesting feature of the long-term reservoir of the HF157. 
Moreover, it has been shown that NPs are promising delivery systems for both 
transcutaneous vaccination and modulation of the stimulated immune responses according 
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to the delivery site158. Although most NPs are not able to cross the intact stratum corneum, 
once they are located in the HF, NPs and their cargo just need to overcome the stratum 
basal to get in contact with the skin immune cells159. Therefore, using skin tissue as a route 
for vaccine delivery is a promising alternative for current challenges in vaccine delivery. 
Furthermore, nanoparticle-based formulations have the advantage to be safe since 
biocompatible materials are used, usually easier to produce and often increase antigen 
uptake by immune cells, which can allow the reduction of the antigen dose leading to a 
cheaper vaccines77. 

In the present work, we were able to provide the proof-of-concept for a non-invasive TF 
immunization strategy that stimulates protective immune responses against viral infection. 
TF vaccination of mice with inactivated influenza H1N1 virus (equivalent to 5 µg of HA 
protein) protected mice against an i.n. infection with the homologous influenza strain. 
Immunity was based on a strong antigen-specific antibody production and the stimulation 
of a mixed Th1/Th2 immune response. Similar protection using cholera toxin challenge 
have already been reported by Glenn et al. following transcutaneous immunization with 
the cholera toxin. Although this study showed an antibody titer at about 30 times higher 
than the one we observed using inactivated H1N1 virus, their immunization protocol 
appeared to be not fully non-invasive as the resting time between shaving and 
immunization was only 24 h. Indeed, we found out that already 1 h following skin 
depilation there is a strong recruitment of neutrophils to the area of application which 
reaches its maximum at 24 h and is totally resolved 48 h post depilation. The same is also 
true concerning the integrity of the stratum corneum, as it has been demonstrated by Mittal 
et al. by measuring the water loss through the skin119. Therefore, the data presented here 
not only highlight the fact that the inactivated influenza virus can be used for TF 
vaccination but, to the best of our knowledge this is the first time in which is demonstrated 
that efficient protective immune responses can be evoked without disruption of the stratum 
corneum or by breaking the skin barrier by using microneedles, microporation laser 
devices, or any other physical or chemical treatment of the skin160. 

Adjuvants are key molecules in vaccination with their ability to not only enhance antigen-
specific immune responses, but also to tailor them according to the specific needs. In 
addition, since most of the current vaccines favor the stimulation of antigen-specific 
humoral responses while lacking the activation of the cellular arm of the immune system, 
such as cytotoxic responses, recent approaches are also addressing the combination of 
different adjuvants in order to stimulate also Th1 and CTL immune responses, which are 
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able to protect more efficiently against intracellular pathogens like viruses99,100,161. In this 
regard, we chose the adjuvants c-di-AMP and αGCMPEG for combination with the 
inactivated H1N1 virus. The c-di-AMP is not only known to stimulate humoral and mixed 
Th1/Th2/Th17 cellular responses, but also cytotoxic CD8+ T-cells by promoting cross 
presentation118,134,162,163. Also, αGalCer and its pegylated derivative αGCMPEG have been 
shown to promote Th1 responses. The αGCMPEG acts via NKT cells leading to the release 
of cytokines which subsequently results in the stimulation of functionally active NK‐cell 
subsets164. As expected, the obtained results have shown that although co-administration 
of either adjuvant only result in a modest increment of H1N1-specific antibody titers, the 
ratio of IgG1/IgG2c and the cytokine profiles revealed that the Th2 response stimulated by 
the inactivated H1N1 alone is now strongly shifted toward a more balanced Th1/Th2 
response. This is in line with previous observations in which polyphosphazenes were used 
for immunization by i.n., i.d. and s.c. route83,91,134. In addition, co-administration an 
adjuvant also enhanced vaccine efficacy, as indicated by a more homogeneous and robust 
response within the groups, as well as by the stimulation of multifunctional T-cells which 
play a vital role in vaccine efficacy84,90. Incorporation of c-di-AMP and αGCMPEG did 
not considerably increase the H1N1-specific antibody titers, as determined by ELISA. 
However, when the functionality of the stimulated antibody responses was evaluated, it 
became clear that adjuvantation was critical to enhance the quality of humoral responses 
(i.e. increased HAI titers in mice receiving the adjuvanted formulations). On the other hand, 
this can be easily explained by the stimulation of more robust cellular responses, which 
encompassed Th1 cells which are critical for the induction of the IgG2c antibodies known 
for the clearance of the virus and increased protection against lethal influenza 
challenge165,166. We also wondered whether adjuvantation would allow the reduction of the 
antigen dose. For example, Sadati et al. have demonstrated that intradermal vaccination of 
mice with a low dose of inactivated H1N1 antigen (0.5 µg) adjuvanted with chitosan or 
CpG adjuvants resulted in the same range of humoral and cellular immune responses and 
protection than the non-adjuvanted high antigen dose (5 µg)167. In addition, considering the 
encouraging data obtained using the epidemic H1N1 virus for TF vaccination, we also 
wanted to evaluate if TF vaccination would be also useful to elicit strong immune responses 
against pandemic influenza strains, such as the H5N1 virus. Avian influenza viruses like 
the H5N1 and H7N9 viruses have shown the ability to infect humans causing severe 
diseases associated with a higher death rate168–170. Therefore, we performed a vaccination 
experiment immunizing mice with 2 µg of inactivated H5N1 virus co-administered with 
either c-di-AMP or its derivative 2’3’-c-di-AM(PS)2. The sulfonated c-di-AMP displays 
protective features against the enzymatic degradation by phosphodiesterases, thereby 
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increasing its persistence within the body which in turn could increase vaccine 
efficacy126,171. In line with the results obtained by Sadati et al. both adjuvanted formulations 
stimulated a similar humoral immune response than the one observed when using the 
higher dose of inactivated H1N1 virus. The same is true concerning the stimulated H5N1-
specific cellular responses. Nevertheless, although not statistically significant, 2’3’-c-di-
AM(PS)2 seems to be slightly more efficient in increasing the strength and quality of the 
stimulated cellular responses underlining our hypothesis that persistence of the adjuvant in 
the skin could result in enhanced immune activation.  

Recent vaccination approaches focus on the so-called subunit vaccines that are made of 
pathogen subcellular components with well-defined properties. This, in turn, leads to well-
defined products which exhibit a better safety profile. Unfortunately, this increased safety 
profile is achieved by a reduction in the immunogenicity, making necessary the 
development of effective delivery systems and adjuvants172. In this regard, recent studies 
have demonstrated the potential of polymeric nanoparticles as antigen delivery system for 
TF vaccination. They also showed that incorporation of an adjuvant in such vaccine 
formulation is essential to generate efficient humoral and cellular immune responses, 
especially when the skin barrier is kept intact119,120. However, so far no vaccination efficacy 
could be demonstrated using NPs, such as PLGA or lecithin based micellar sugar glass 
nanoparticles (IMSG)119,120. Because of this, we investigated the usefulness of PCPP and 
PCEP, two members of the well-known polyphosphazene polymer family, for TF 
vaccination. Both, PCPP and PCEP have been shown to increase antigen-specific immune 
responses when used for mucosal and s.c. vaccination strategies83,89,91,135. Thus, aiming at 
the development of a non-invasive TF vaccine targeting the HF and keeping intact the 
stratum corneum, we first investigated the penetration capacity of the polyphosphazenes 
across the skin into the HF. Using in vivo two-photon microscope technology, we could 
confirm that the NPs are accumulating around the hair and penetrate in the infundibulum 
of the HF. Thus, polyphosphazenes in our experimental setting showed similar penetration 
properties as the chitosan-PLGA NPs used for TF immunization resulting in strong 
antigen-specific immune responses119,120. Our observations are in line with Rancan and co-
workers demonstrating that NPs encompassing HIV-1 p24 protein aggregate in the duct of 
the infundibulum of the HF where they subsequently release the protein antigen. The 
protein then diffuses in the epidermis and dermis where it is uptaked by the skin DC, 
especially the LC173. 
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Consistently, characterization of the adaptive immune responses stimulated following TF 
vaccination of mice with OVA-PCPP and OVA-PCEP co-administered with c-di-AMP 
resulted in strong antigen-specific antibody production. Moreover, the detected IgG titers 
were further increased compared to those obtained using OVA-CS/PLGA or IMSG NP co-
formulated with c-di-AMP119,120. In line with what has been described by Schulze et al.
using polyphosphazenes for mucosal application, OVA-PCPP and OVA-PCEP co-
administered with c-di-AMP stimulated a balanced Th1/Th2/Th17 response134. Similar 
observations have been also reported by others showing mixed Th1/Th2 responses 
stimulated by PCEP and PCPP84,91,135. However, incorporation of c-di-AMP as adjuvant 
seems to further improve the modulation of the T helper response towards a more balanced 
Th1/Th2 response, by promoting a Th1 environment. On the other hand, antigen-specific 
cellular immune responses could not be further improved using polyphosphazenes as 
compared to OVA-CS/PLGA NPs117. Thus, neither the quality of OVA-specific T-cell 
responses nor the strength of the cellular responses have been increased following TF 
vaccination of mice with both polyphosphazene formulations117. Furthermore, like for the 
results obtained using OVA-CS/PLGA NPs, also polyphosphazenes stimulate only very 
modest numbers of OVA-specific cytotoxic T-lymphocytes. This is in contrast to what has 
been observed when polyphosphazene based OVA formulations were used by the i.n. route, 
since strong CTL responses were observed in mice receiving OVA-PCEP or OVA-PCPP 
co-administered with c-di-AMP134. The inability of this formulations to stimulate strong 
OVA-specific CD8 T-cells when applied by TF route might be one of the reasons why 
immunized mice were not protected against a sub-lethal challenge with the influenza virus 
expressing the OVA peptide SIINFEKL which encompasses the TCR receptor recognized 
by CD8+ T-lymphocytes. Consequently protection against virus infection could have been 
mediated only via the cellular immune response and not by the humoral immune response 
as it most properly was the case for the mucosal setting reported by Schulze et al134. 
Especially in case of influenza infection, it has been reported that HA-specific antibodies 
play a major role in the resistance against the virus. Indeed, the HA protein represents 80% 
of the proteins that protrude from the viral membrane174,175, making it a good target for 
opsonization. Moreover, neutralizing antibodies against the globular head of the HA 
protein are able to neutralize the virus attachment and entry in the host cells, which make 
them strong mediators of the resistance to the influenza virus and are considered as an 
immune correlate of protection175–177. However, recent studies performed in humans have 
demonstrated that a pre-existing influenza-specific T-cell immune response also correlates 
with protection in persons lacking neutralizing antibodies142,143,178 179.  
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Accordingly, we then raised the question if protective immune responses can be obtained 
using polyphosphazene polymers co-formulated with recombinant HA protein of 
influenza. To this end, mice were immunized following the same experimental setting 
using HA-PCPP and HA-PCEP, respectively. In addition to c-di-AMP, we also 
incorporated αGCMPEG as adjuvant. The αGCMPEG was shown to also stimulate mixed 
Th1/Th2 responses acting via NKT cells180. Admittedly, the frequency of NKT cells in skin 
seems to be quite low (∼0.03% of cells in healthy skin and ∼0.6% of cells in hyperplastic 
skin181) but CD1d, the receptor for αGCMPEG, is also expressed by B cells, LC and 
keratinocytes182,183. Bonish et al. demonstrated that keratinocytes expressing CD1d 
subsequently can activate NK-T cells to produce IFN-γ, whereas Otsuka and co-workers 
showed that LC activated by αGCMPEG produce pro-inflammatory cytokines184,185. 
Therefore, incorporation of αGCMPEG could result in the stimulation of all arms of the 
immune system, thereby increasing vaccine efficacy. When the stimulated HA-specific 
immune responses were compared with those obtained using OVA as antigen, lower HA-
specific IgG titers were observed regardless of the adjuvant used. However, the overall 
type of immune response was similar, as indicated by the observed mixed Th1/Th2 
responses. Interestingly, while TF immunization with HA-PCPP with or without 
adjuvantation stimulated an increased IFN production by antigen-specific immune cells, 
HA-PCEP stimulated enhanced numbers of IFN producing cells. These data are in line 
with what we have already observed using OVA as antigen, as well as with previous studies 
using polyphosphazene polymers for vaccination via intranasal and subcutaneous 
route134,186. While co-administration of αGCMPEG with HA-PCEP resulted in reduced IL-
17 levels, this was not the case for the HA-PCPP formulations. This could indicate that the 
IL-17 detected upon PCEP treatment was produced mainly by Th17 cells, whereas PCPP 
predominantly stimulates innate immune cells to produce IL-17. In fact, αGCMPEG was 
shown to inhibit Th17 responses while enhancing IL-17 production by innate immune 
cells83,86,137,187. Similar levels of bi- and trifunctional T-cells have been elicited following 
TF vaccination with OVA-PCEP and OVA-PCPP co-administered with c-di-AMP, as 
compared to those reported by Schulze et al. following an i.n. vaccination strategy134.
Remarkably, using recombinant HA as antigen in combination with PCPP or PCEP and c-
di-AMP promoted only a weak stimulation of multifunctional CD4+ T-cells. Nevertheless, 
these results are in line with the observation of Madhun et al. showing that i.m. 
immunization of mice using plant-derived recombinant HA protein in combination with 
the cyclic di-nucleotide c-di-GMP stimulated only very low levels of multifunctional 
CD4+ T-cells, if any at all, even though a 30 times higher dose of HA protein was used, 
whereas high frequencies were detected following i.n. administration188. Taken together, 



92 

TF immunization of mice using recombinant HA formulated with either of the two 
polyphosphazenes PCEP and PCPP co-administered with c-di-AMP or αGCMPEG 
stimulated increased humoral and cellular immune responses. The differences observed 
compared to the responses obtained using OVA as antigen could be explained, to some 
extent, by the different amount of antigen used. The HA-based formulations encompassed 
4 times less antigen with respect to those containing OVA as antigen. The vaccine antigen 
concentration was reduced since the initial experiments using inactivated H5N1 virus 
revealed the possibility of dose sparing.  

A viral infection experiment following one prime and three homologous boosts with HA-
PCEP alone or adjuvanted with either c-di-AMP or αGCMPEG was performed to validate 
vaccine efficacy. The PCEP based formulations were chosen, since previous studies 
reported protective immune responses following transdermal vaccination using 
PCEP83,89,189. Consistent with our hypothesis, we observed that mice vaccinated with the 
adjuvanted formulations were protected against virus infection, as indicated by a strong 
decrease of viral load as well as lack of deterioration of the physical conditions. In contrast, 
the non-adjuvanted formulation could protect only a third of the immunized mice.  

In conclusion, the data presented here have demonstrated that non-invasive vaccination by 
the TF route is able to stimulate protective immune responses against infection. Protection 
can be evoked even by using subunit vaccines, when the vaccine antigen is delivered using 
a proper delivery system and adjuvant.  

In order to generate the basic knowledge to further improve vaccine efficacy, we unraveled 
the underlying mechanisms resulting in immune activation following TF vaccination with 
the adjuvanted polyphosphazene based vaccine formulations. Understanding the immune 
events occurring during TF vaccination would enable to tailor the vaccination strategy to 
maximize efficacy, minimizing the require antigen dose. To this end, we investigated in 
detail the first immune events stimulated at the inductive site (i.e. skin) after TF 
immunization. In line with what has been published, the loading of the vaccine antigen in 
PCPP nanoparticle formulations increased antigen stability, as well as its delivery to and 
uptake by DCs190,191. Interestingly, the capacity of antigen uptake by skin DC was mainly 
triggered by the polymer, having the adjuvant rather limited role. However, when using 
αGCMPEG, antigen processing DC persist longer in the skin as compared to groups treated 
with DQ-OVA-PCPP and c-di-AMP. Although not statistically significant, we have shown 
that mice immunized with DQ-OVA-PCPP co-administrated with αGCMPEG showed also 
a reduced expression of the activation marker CD86 on XCR1+ DCs and, surprisingly, also 
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on the LC populations with respect to the non-adjuvanted formulation. Thus, it seems that 
αGCMPEG inhibits the activation, and a fortiori the migration, of XCR1+ DCs and LCs. 
Since it has been shown that LCs do not express the αGalCer receptor CD1d at steady state 
but only upon activation192,193, the effect of αGCMPEG might be indirectly driven by 
bystander cells. Since it has been demonstrated earlier that human keratinocytes express 
CD1d at steady state184, it could be possible that αGCMPEG activates the keratinocytes, 
thereby resulting in the release of cytokines and chemokines which then influence LC 
retention. In contrast, it has been reported that XCR1+ DCs constitutively express the MHC 
like receptor CD1d and that they are the main subpopulation activating iNKT cells via 
CD1d bound glycolipids, resulting in either Th1- or Th2-associated cytokine 
responses35,37,194. Therefore, prolonged persistence of XCR1+ DC might be explained by 
their interaction with iNKT cells upon αGCMPEG binding. On the other hand, the DN 
cDC subset, that has been shown to induce Th2 polarization42,195–197 seems to be most 
responsive to αGCMPEG, as indicated by increased migration rates. Taken together, it 
seems that the polyphosphazene based formulation co-administered with αGCMPEG is 
able to stimulate different DC subsets, which in turn leads to a mixed Th1/Th2 response.  

In contrast, the adjuvant c-di-AMP seems to be more efficient at activating CD11b+ DCs, 
DN cDCs, and XCR1+ DCs following TF immunization with DQ-OVA-PCPP as compared 
to αGCMPEG. The c-di-AMP adjuvanted formulation significantly increased the 
migration of the XCR1+ DCs. This DC subset not only favors the stimulation of a Th1 
based immune responses, but it is further characterized by a high ability to cross-present 
cell-associated and soluble antigen198–200. However, since skin DCs tend to change the 
expression of some markers (e.g. CD11b)35, their identification after arrival in the draining 
LN is difficult. While Hayes et al. claimed that the majority of migrating cells found in the 
draining LNs are not resident skin cells but rather cells recruited to the skin during 
inflammation201, it is likely that the majority of skin DCs found in the draining LN after 
immunization of mice with OVA-PCPP + c-di-AMP are derived from the XCR1+ DC 
subpopulation146. Thus, considering the fact that Hayes and co-workers did not use the 
CD207 antibody (or equivalent) to phenotype all the skin DC subsets, it is likely that the 
CD103+ CD11b+ cell subpopulation detected in the draining LN by Hayes et al. is actually 
represented by the skin resident XCR1+DC subset. Furthermore, this population has been 
described to migrate from the skin into the deep T-cell zone (TCZ) within 48 h202, which 
correlates with the kinetics of the XCR1+  DC migration that we observed after TF 
immunization using OVA-PCPP + c-di-AMP. Moreover, it has been shown that the 
priming of T-cells in the TCZ of the draining LN leads to a Th1 polarization. Depending 



94 

on their localization in the draining LN, these lymphocytes can even license LN resident 
XCR1+ DCs to induce CTL memory203,204. Altogether, these findings match with our study 
in which mice vaccinated with OVA or HA antigen co-formulated with a polyphosphazene 
polymer and adjuvanted with c-di-AMP showed a Th1 polarization as well as a limited 
degree of induction of CTLs. Besides the Th1 polarization also the IL-17 production 
observed following vaccination using c-di-AMP could be mediated by the XCR1+ and 
CD11b+ DC subsets. Indeed, although it has been shown that the main skin DC subset able 
to induce Th17 polarization is the LC population195,205, XCR1+ and CD11b+ DCs have also 
been recently highlighted as responsible for the induction of differentiation of IL-17-
producing CD8+ T-cells (Tc17)206.  

In line with the activation levels and migration capacities observed for the different DC 
subsets following TF immunization with OVA-PCPP plus adjuvant, the amount of 
proinflammatory chemokines released locally in the skin is higher as compared to that 
detected in the skin of mice receiving OVA-PCPP alone. Consistent with the data of 
Thomas et al., we observed high levels of the CCL3 chemokine in the skin following 
immunization with the αGCMPEG adjuvanted OVA-PCPP formulation, followed by 
CCL2 and CXCL1207,208. Thomas and co-workers demonstrated that activation of NKT 
cells via αGCMPEG-CD1d complexes resulted in CD1d restricted T-cell responses. 
Furthermore, it has been previously shown that one of the major cell types expressing 
CCL3 are DN cDCs. Also, Ochiai et al. highlighted the fact that this subset of DC is 
activated upon TSLP stimulation209, which explain their increased migration activity 
observed after αGCMPEG treatment210. Although this DC subpopulation seems to play an 
important role in the innate immune response, only few is know about its exact functions. 
Besides some evidence that they polarize the immune response toward Th2 via secretion 
of CCL17211, the exact functions still have to be elucidated. It is also important to note that, 
although CCL3 plays pleiotropic roles via its different receptors (CCR1, CCR3, and CCR5) 
present on different cell types, one major cell subset bearing receptors for CCL3 is DCs212. 
Hence, it is not surprising that also co-administration of c-di-AMP resulted in high levels 
of CCL3. However, in contrast to αGCMPEG, c-di-AMP also stimulates strong production 
of CCL2, CCL4 and CXCL1, followed by CCL5 and CXCL10. While CCL3, CCL5 and 
CXCL1 were shown to play a major role in recruitment of neutrophils and Th1 cells, CCL2 
seems to mediate DC recruitment, whereas CCL4 and CXCL10 are responsible for NK cell 
recruitment207,213–216. In line with these findings, we not only observed an increased 
neutrophil influx following TF application of c-di-AMP adjuvanted DQ-OVA PCPP, but 
also the stimulation of Th1/Th2/Th17 responses. In this regard, it has been shown that the 
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release of CXCL1 acts as a chemoattractant molecule for neutrophils, which in turn can 
induce the recruitment of Th1 and Th17 cells217.  

Altogether, the results disclosed here reveal that dependent on the vaccine composition, 
especially the incorporated adjuvant, antigen-specific immune responses can be tailored by 
targeting specific skin DC subsets. While c-di-AMP seems to target, directly or indirectly, 
the XCR1+ DC subset, which seems to be responsible for driving the adaptive immune 
response toward Th1/Th17 polarization, αGCMPEG turned out to somehow counter the 
activation of the XCR1+ DC subpopulation and rather promote the DN cDC skin subset. 
The later in turn could explain the more Th2 biased response observed when vaccinating 
mice with HA-PCPP + αGCMPEG. Nevertheless, although c-di-AMP and αGCMPEG 
seem to stimulate different skin DC activation pathways both adjuvants were able to induce 
protection against influenza challenge when using PCEP as vaccine carrier. This point to 
the fact that different effector mechanisms contribute to confer protection against the 
influenza virus, and that different vaccine can display efficacy depending on the antigen, 
the delivery system and the adjuvant included in the formulation.  
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Conclusion and Outlook 

The studies performed in this thesis showed the high potential of TF vaccination for the 
fight against influenza infections. Indeed, we have demonstrated that the antigen currently 
used in influenza vaccines can also be utilized for the TF vaccination route, resulting in 
full protection of against influenza infection in a preclinical model. Moreover, we showed 
that co-administration of an adjuvant with inactivated virus, not only strengthen the 
immune response, but also tailor antigen-specific adaptive responses. Finally, we 
demonstrated that TF vaccination efficiently protects mice against viral infection when 
using a subunit vaccine based on the HA protein. We, therefore confirmed that the non-
invasive TF vaccination strategy is a valid alternative for classical vaccination strategies 
based on i.m. injection. However, considering the high amount of antigen needed, further 
efforts have to be undertaken in order to increase vaccine efficacy. For example, 
elucidating more in detail the underlying mechanisms involved in stimulation of efficient 
immune responses would allow adapting the vaccine formulations allowing further 
optimization of antigen dose and the immunization schedule. When investigating the very 
first events in the skin following non-invasive TF vaccination by focusing on the skin DC 
subsets, we found that although less immunogenic as compared to inactivated virus, 
adjuvanted polyphosphazene based formulations are able to fine-tune the immune response 
by activating some specific DC types, which then polarize the adaptive immune response. 
In this regard, targeting of a certain DC subset by incorporation of a specific ligand and/or 
adjuvant or by using a corresponding NP would allow fine tailoring of immune responses 
for the specific needs. To this end, interactions between skin DC and other skin cells need 
to be addressed more in detail. A recent study from Palgen et al highlighted the fact that 
the innate myeloid immune response can differ between prime and booster 
immunizations148. Therefore, future investigations should also address the possibility to 
modify the immunization schedule in such a way that prime and booster immunization will 
be performed using different adjuvants in order to stimulate optimal and long-lasting 
protective immune responses. This will be particularly important considering the actual 
trend of developing next-generation vaccines against influenza, which are able to stimulate 
broader cross-protective responses and confer longer-lasting immunity218. 

Other aspects of TF vaccination that have not been considered yet are the impact of other 
adaptive immune cells and/or the skin microflora. Like in the gut, also the skin has an 
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important microflora. However, only little is known about the interaction between the skin 
immune system and skin microflora and thus, on its potential role in vaccine efficacy. The 
same is true for immune cells such as γδ T-cells. Both epidermis and dermis are populated 
by large numbers of γδ T-cells, which were shown to play for example a key role in the 
response to Mycobacterium infection219–221. Therefore, detailed investigations in this area 
should be performed in order to possess all the keys needed to develop safe and effective 
vaccines. 

Altogether, this thesis provides critical knowledge for the development of non-invasive TF 
vaccination strategies, as well as to decipher key aspects of the early immune events 
triggered by skin DCs after delivery of adjuvanted formulations applied onto intact 
epidermis that penetrate the skin via HF. Thus, it is expected that this work will facilitate 
the development of TF vaccines that not only display high efficacy, but also an improved 
safety profile, easier administration logistics and higher acceptance by the public.  
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