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Effective and side-effect-free vaccines are still difficult tasks to achieve for a
great majority of antigenic stimuli. Pathogen manipulation to abort infectivity
and antigen delivery to ensure immune responsiveness are the major
components vaccine technology tries to resolve. However, the development
of an immune response is still a complicated matter, lies on hundreds of
parameters and any effort towards activation can easily lead to adverse
effects, making immunotherapy very difficult to control. The present review
attempts to highlight the major parameters affecting immune responsiveness
and show that vaccine technology, except from pathogen manipulation and
the development of antigen delivery systems, requires attention to additional
check-points. Analyzing the recently described personalized implantable
vaccine technology, it becomes obvious that the nature of each antigenic
stimulus dictates different responsiveness to the organism, which discourages
the use of universal adjuvant and antigen-delivery systems. On the contrary,
the ex vivo tuning of the immune response proposed by the implantable
vaccine technology, allows controllable amendment of the response. The
development of personalized technologies is expected to provide valuable
tools for the management of human pathology.
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Introduction
The immune system is meant to function in response to any
antigenic stimulus, which includes any substance, from small
molecules (haptens) to big proteins, nucleic acids, lipids etc. Most of
the time these antigens belong to the organism itself (self antigens),
but they can also invade the body during various pathogenic
infections. The so far acquired knowledge on immune system function
has allowed understanding many of the evoked mechanisms, but we
are still missing a huge amount of pieces from the puzzle. Thus, the
system responds to self antigens by inducing tolerance (suppression
of responsiveness) and to non-self antigens by inducing immunity
(stimulation of responsiveness). A fine line separates these two
very important but different modes of action of the immune system,
which once broken will lead either to autoimmunity (response to
self antigens) or failure to pathogen destruction (unresponsiveness
to pathogen). It has to be noted that cancer, comprising self and nonself antigens, lies between these two modes of action of the immune
system delivering controversial signals, which depending on the
genetic background and the patho-physiology of the individual may
succeed or fail to destroy malignant cells.
Acquired immune defense in vertebrates is represented by a
series of organs, cells and mechanisms developed during evolution
to recognize and respond to antigens, ensuring species survival
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and propagation. The cognate immune system generally
responds to antigenic stimuli through the humoral and
cellular pathways, which lead to antibody production
and target cell killing, respectively. Antigen recognition
occurs through the antigen presentation process, which
results in the formation of thermodynamically stable
complexes between the major histocompatibility complex
(MHC) class I, class II or CD1b proteins with the antigenic
epitopes, recognized by helper CD4-positive T cells (TH),
cytotoxic CD8-positive T cells (Tc) or Cd1-restricted T
cells, respectively1-3. Such recognition leads to a variety
of specific and non-specific responses, which directly or
indirectly interfere with the physiology as well as pathophysiology of the organism. Therefore, the initial step for
immune response manipulation lies on the successful
MHC/antigen complex formation.
In the context of vaccine development, the manipulation
of immune response depends on the externally provided
technological ability to trigger the organism against
the infectious pathogen, or even any kind of antigen,
without, however, risking infectivity or mounting severe
inflammatory reactions. The present review focuses on
the advantages of solid implantable, ex vivo activated
scaffolds as to their ability to finely tune the response to
an antigenic stimulus over degradable materials delivered
to the organism. The parameters discussed herein might
sound as basic knowledge of Immunology, but most of the
time thoughts do not need to evoke fancy and difficult to
achieve technologies.

Antigen presentation process

In the context of an external antigenic stimulus, the
antigen has to be delivered to the organism, up-taken by
antigen presenting cells (APCs), degraded and loaded to
MHC molecules for interaction and signal delivery to T cells.
Each of the above steps is highly regulated and depends on
a variety of factors imposing positive or negative regulatory
pathways.

Antigen delivery to the organism

Intrinsic antigens will shut down defensive immune
response during the educative process of T cells in the
thymus early in life and the development of peripheral
tolerance in adulthood, through various mechanisms that
are not within the scope of the present review.

External, environmental antigens are delivered to an
organism through contact, inhalation or aspiration and
will mount an immune response following the positive and
negative regulatory mechanisms, depending on nature of
the antigen, its concentration, the delivery site and timing.
In most cases, pathogens are encountered by defensive
mechanisms for elimination and development of specific
memory cells, while antigens within the day-to-day contact
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of the individual (daily habits) will confront immune
tolerance.

Since 1549, when Wan Quan first inoculated smallpox
(variolation) to protect against the disease, and the
demonstration for the effectiveness of vaccination against
smallpox from Jenner in 17964, vaccine technology has
developed from first to second generation vaccines and
research drives towards the use of recombinant DNA
techniques with various delivery systems.

First generation vaccines include weakened or killed
whole-micro-organisms (Figure 1). Live but attenuated
pathogen vaccines, such as smallpox and polio vaccines,
are able to induce cytotoxic T-cell responses, helper T-cell
responses and antibody-mediated immunity. However,
although more effective, there is significant risk of
infectivity, where pathogen may revert to a dangerous
form able to cause the disease. Killed pathogen vaccines,
on the other hand, do not have such risk, but they cannot
generate specific Tc responses and may not be effective in
eradicating the disease.

The necessity to develop effective with low virulence
vaccines led to the second generation vaccines, which are
subunit vaccines consisting of defined antigenic peptides
or recombinant protein sub-units (Fig. 1). These vaccines
are able to generate TH and antibody responses, but not
Tc responses, while they require the use of adjuvants for
non-specific immune stimulation of the organism, which,
however, have non-specific side-effects not effectively
monitored nowadays.

Vaccine adjuvants are chemical compounds or
macromolecules that augment immune responses of coadministered antigen with minimal toxicity or long lasting
immunity on their own. These agents target innate immune
responses through two major mechanisms. Adjuvants like
aluminum salts, oil-in-water emulsions, and liposomes
facilitate antigen depot and thus its uptake by APCs. Other
adjuvants like monophosphoryl lipid A, CpG, or poly I:C,
activate APCs by binding to Toll-like receptors5. All these
adjuvants cause inflammation at the site of injection
but also have a potential for long term side effects and
therefore have not been approved for human use. The most
widely used adjuvant in the clinics has been aluminumbased mineral salts (alum)6, which has a good track record
of safety and has been widely used in many licensed
vaccines7, without, however, lacking disadvantages and
side effects8. Alternative vaccine adjuvants that are nontoxic, consistently effective, and easy to handle have been
hunted for in the past thirty years9.

Antigen uptake by APCs

Different types of APCs use specific as well as nonspecific mechanisms for antigen uptake10. The specific
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Figure 1: Advantages and disadvantages of first generation vaccine, second generation vaccines and implantable personalized vaccines.

mechanisms are mediated by receptor endocytosis and
include immunoglobulin (Ig) molecules on antigen-specific
B cells, different types of Fc receptors, mannose receptors
for efficient capture of antigen-antibody complexes and
mannosylated or fucosylated antigens, C-type lectins (like
DEC205) etc. Such specific mechanisms of antigen uptake
are accompanied by various signal transduction pathways,
leading to the stimulation or suppression of immune
activation.
The non-specific mechanisms of antigen uptake include
macropinocytosis, which is a cytoskeleton-dependent type
of endocytosis, phagocytosis, which is the most important

mechanism for foreign antigen uptake by macrophages
and some dendritic cells, as well as autophagy, through
which cytosolic antigens can be delivered to the antigen
processing compartments11. Depending on the presence
of specific receptors, antigen uptake can lead to different
types of cell activation.

Upon uptake the antigen enters the endosomal/
lysosomal compartments, where depending on its nature
and concentration, it will be either fully degraded and
excreted from the cell or follow the antigen presentation
process12,13. The nature of the antigen is very important
as to the type of immune response development. Thus,
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antigen immunogenicity depends on its foreignness (nonself antigens commonly induce an immune response),
the molecular weight (antigens >14kD are immunogenic,
antigens <5-10kD are poorly immunogenic), the chemical
nature and heterogeneity (proteins and polysaccharides
are mainly immunogenic, heteropolymers are more
immunogenic than homopolymers), its physical form
(particulate are more immunogenic than soluble antigens),
as well as its susceptibility to processing and presentation.

Antigen loading to MHC molecules

Following the antigen presentation process, partially
degraded antigens (antigenic epitopes) will be loaded
either to class I or class II MHC molecules to trigger cellular
or humoral immunity, respectively. If a substance cannot
go through antigen processing, which involves enzymatic
digestion creating antigenic epitopes for loading to MHC
molecules, then it is a poor immunogen, driving the
immune response towards tolerance instead of immunity.

Antigens up taken from the extracellular environment
and located within the endosomal compartments are
partially degraded by a series of enzymes and will be
loaded to class II MHC molecules. The class II presentation
pathway has been thoroughly studied14. Once the complex
MHC class II/antigen is transferred to the cell membrane, it
can be recognized by CD4+ TH cells for further stimulation
of the immune system.

Intracellular antigens will mainly go through
proteosomal degradation, will be driven to ER and delivered
to class I MHC molecules15. This complex will be recognized
by CD8+ TC cells, initiating the killing process.

These two pathways, as expected in nature, are not
mutually exclusive, and different interconnections can take
place. Thus, cross-presentation has been described as the
process where extracellular antigens are transferred for
presentation by class I MHC molecules to CD8+ TC cells16.
Similarly, autophagy provides a mechanism by which cells
can transfer endogenous (intracellular) antigens into the
class II pathway for presentation to CD4+ TH cells17. In
addition to this canonical antigen presentation pathway,
trogocytosis has been described as the process, where nonAPC cells that fail or do not choose to induce MHC class II
molecules by inflammatory mediators can acquire these
molecules from neighboring cells through cell–cell contact
or by APC-derived exosomes, generating thus MHC-dressed
cells ready to trigger T cells18.

Immune system manipulation technologies

Understanding that antigen presentation is a crucial
start point for specific immune responsiveness, many
researchers of vaccine technology focused their efforts
on the development of smart antigen delivery and
APC-activation systems. Over the years a number of
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nanomaterial-based adjuvants have been described to be
effective for usage in a variety of antigens, yet safety and
perspective mode of action as to the immunostimulatory
mechanisms need to be addressed.

The nanomaterial-based antigen delivery systems
include the use of nanoparticles and engineered
nanomaterials, comprising metals and metal-oxides
(aluminium-based, gold and silver nanoparticles,
3D-mesoporous silicon rods), polymers [poly(lacticco-glycolic acid)-PLGA, poly(γ-glutamic acid)-γ-PGA,
chitosan, polyethyleneimine, pH-responsive polymers) and
liposomes19-24.

The proposed implantable microneedles, which have
been designed to encapsulate the antigen (in most cases
influenza virus was applied) and allow slow antigen
release and immune activation upon intradermal injection,
have been fabricated using a variety of biocompatible
polymers25,26. Although important advantages have been
described, further studies are required to evaluate the
response to biomaterial used, the mode of application,
the stability of the product and the long-term safety of the
procedure27.

Mesoporous silica rods have also been proposed for
controlled drug release28-30. Their effectiveness in recruiting
dendritic cells has been shown to be enhanced by the
presence of granulocyte- macrophage colony stimulating
factor (GM-CSF)21. Although mesoporous silica rods might be
used as multifunctional platforms in vaccine technology for
antigen delivery and immune system manipulation, further
studies need to evaluate safety and long lasting efficacy.
Rapid development of material sciences provide a
large number of clever solutions for antigen delivery and
immune stimulation, yet profound research need to be
done by biologists to definitely demonstrate effectiveness,
stability, repetitiveness and absence of side effects.

Ex vivo antigen presentation technologies

Lately, a novel strategy of vaccine technology has been
developed, allowing immunization with the inactivated
pathogen (known from the first generation vaccines to
be the most effective approach), while ensuring safety
and no need of adjuvants (Figure 1). This strategy, which
lies on the so-called “personalized implantable vaccines”,
manipulates ex vivo the very first steps of immunization
and includes antigen presentation by the host’s APCs,
loaded (immobilized by natural adherence) onto microtextured Si scaffolds, under controlled culture conditions.
Such manipulation resembles the manufacture of an
organ-on-chip, since upon subcutaneous implantation,
the cell activated Si-scaffold is being merely connected
to blood circulation, recruits immune cells and leads to
the development of antigen specific memory cells31,32.
This technology was originally developed using a classic
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protein antigen (human serum albumin) and was later
applied to Salmonella Typhimurium and M. luteus-derived
peptidoglycan. The proposed strategy of vaccines is meant
to be successful to any kind of antigenic stimulus. The
need of personalized manipulation might be considered
as a problem to the massive needs of immunization in
pandemic situations, but in the absence of safe and effective
conventional vaccines, these can be easily applied.

a large number of fibroblasts, adherent macrophages
and lymphocytes were observed on the excised scaffold.
Lymphocytes were settled on the scaffold-attached
macrophages, while highly packed protective membranes,
consisting of complex protein depositions and multiple
collagen layers surrounding the scaffold, could be observed.
Such manipulation was accompanied by high levels of HSAspecific antibody detection in the serum.

In all cases, laser microstructured Si-scaffolds31,33 were
loaded with macrophages, which were then activated
with the appropriate antigen and implanted to left rear
foot of anesthetized mice31,32. When the scaffolds were
excised seven days later, scanning electron microscopy
analysis revealed well distinct scaffold histology among
the three antigenic stimuli (Figure 2). In response to HSA,

In response to peptidoglycan, scaffold was also
removed easily, but in this case only minimal cases of
macrophages attached with lymphocytes on their surface
could be observed (Figure 2C). In this case, although the
manipulation resulted in increased IgG levels in the serum,
no antigen specific antibody could be detected. This
observation, along with the increased cytokine levels and
white cell numbers led to the hypothesis that M. luteus
peptidoglycan was likely to act as a mitogen.

A remarkable observation in this strategy of vaccination
was that the antigenic load of APCs dictated differential
morphology and apparently activity upon subcutaneous
implantation, resembling the in vivo generated response
to the antigenic stimulus. Under identical experimental
procedures, the three antigens described in the literature,
namely HSA, S. Typhimurium and peptidoglycan, provided
differential scaffold histology, accompanied by specific
immune characteristics.

In response to S. Typhimurium, scaffold removal was
an easy abstraction without the need of membranes
detachment. In this case, the organism had not made such
strong membranes for the isolation of the scaffold. The
tissue around the structure was one set of loose membranes
(Figure 2B), but this did not discourage the organism to
produced specific antibodies, as detected in the serum.

Figure 2: Laser microstructured Si-scaffolds loaded with macrophages and activated by HSA (a), S.typhimurium extracts (b) and
M. luteus-derived peptidoglycan (c). Asterisks show some areas of protein depositions and collagen layers. Arrows show some
examples of lymphocyte contacts with adherent cells
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These observations show that indeed, the nature of the
antigenic stimulus may dictate a whole different response
to the organism. Therefore, universal adjuvants or antigendelivery systems cannot be effective for every antigen and
each organism. The proposed ex vivo antigen presentation
technology allows to finely tune immune response to
the required direction. Indeed, one could foresee the use
of peptidoglycan as a mild mitogen to be provided along
with a weak immunogenic antigen, or provided as a mild
immunostimulant against immunosuppressive conditions
like sepsis and cancer.

Conclusions

Although T cell responses dictate the faith of the immune
response, their activation follows a series of events, which
are responsible for the nature of T cell activation process.
Depending on how the antigen will be delivered to the
organism, the mode by which the antigen will be up-taken by
the APCs, the pathway to be followed during the formation
of the MHC-antigen complex and its presentation or not
to the cell membrane are crucial parameters, allowing or
not antigen recognition. Since a great deal of knowledge
is still missing, it is extremely difficult to predict the
effectiveness of universal practices during immune system
manipulation. The ex vivo personalized immunization
discussed herein seems to implicate minimal immune
manipulation, allowing naturally selected antigenic load,
and tunable immune manipulation.
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