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ABSTRACT
Infectious diseases kill millions of people every year. Despite quickly evolving technology,
vaccination remains the most efficient way to prevent and treat them in most regions of the
world. Vaccines are based on the immunological memory of adaptive immune system. For
achieving the most effective response of this part of immune system, a prior activation of
innate immunity is required. In this process, dendritic cells (DC) represent the main
connecting link between the two systems. DCs are professional antigen presenting cells
(APCs), capable of antigen acquiring, processing and presenting it to T cells. Because of
their important position in the activation of adaptive immune system, DCs represent an
important target model for vaccine production. So far, most clinical studies have used these
APCs for specific activation of cytotoxic T cells (CTLs), which are the only cells being able
to completely eliminate viral infection. Recently, there a growing interest in using mRNA
as a vaccine platform to activate DCs has evolved, mainly due to its favorable safety profile
and ability to efficiently activate cell-mediated immune responses. Actually, mRNAvaccines offer a compelling alternative in preventing and treating various infections, as they
can be rather quickly produced, are transiently expressed and suitable for encoding different
antigens.
For these reasons, we set up to evaluate feasibility and efficiency of intranodal immunization
of mice with mRNA-based vaccines in evoking antigen-specific T and B cell immune
responses. For our experiments we used three mouse-models, HIV-1, LCMV and influenza
A virus. Depending on the model, mRNAs were encoded with different viral antigens
(HIVACAT, NP, gp and HA) and adjuvants (TriMix: CD40L, CD70 and caTLR4; DiMix:
CD40L and caTLR4; and flagellin). We demonstrated that intranodal immunization of mice
with mRNA-vaccines can generate strong antigen-specific T-cell and B-cell immune
responses. With a concomitant application of the TriMix mRNA we achieved stronger CTL
responses following the first and the second, but not after the third immunization. In contrast,
flagellin enhanced humoral immune responses to influenza hemagglutinin (HA) but turned
to be immunosuppressive in regard of CTL activation.
Our preliminary experimental results are only a small contribution to the complex field of
mRNA-vaccines development, but they suggest that by continuing research in this direction
the efficiency of fighting various types of life-threatening diseases could be improved in
future.
VI

Key words: immunotherapy; vaccination; mRNA; adjuvants; viruses: HIV-1, LCMV,
influenza A virus
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RAZŠIRJENI POVZETEK
Kljub

hitremu

tehnološkemu

napredku

na

številnih

podočjih

ostaja

cepljenje

najučinkovitejši pristop za preprečevanje infekcijskih bolezni, ki letno terjajo milijone
življenj po svetu. Cepiva temeljijo na imunskem spominu celic pridobljene imunosti. Za
popoln oz. obsežen odziv tega dela imunoskega sistema pa je potrebna ustrezna predhodna
aktivacija celic prirojene imunosti. Pri tem predstavljajo dendritične celice (DC) poglavnitno
povezavo med naravno in pridobljeno imunostjo. Gre za profesionalne antigene
predstavitvene celice (APC), sposobne privzemati antigenske proteine, jih razgraditi v
peptide in nato, vezane na molekule poglavitnega kompleksa tkivne skladnosti (MHC),
predstaviti T-celičnim receptorjem na limfocitih T. Potem ko se antigenski peptide vežejo
na molekule MHC razreda I, jih lahko prepoznajo T-celični receptorji (TCR), izraženi na
določenih klonih citotoksičnih CD8+ limfocitov T (CTL), ki imajo osrednjo vlogo pri
odstranjevanju z virusi okuženih in rakavo spremenjenih celic. Antigenske peptide, ki se
vežejo na molekule MHC razreda II, pa specifično prepoznavajo TCR, prisotni na ustreznih
klonih CD4+ T celic pomagalk (celice Th). Celice Th so pomembne tako za dozorevanje in
proliferacijo ter okrepitev delovanja CTL (preko DC), kot tudi za proizvodnjo visoko
afinitetnih antigensko specifičnih protiteles v plazmatkah. Zaradi velikega vpliva, ki ga
imajo DC na pridobljeni imunski odziv, predstavljajo pomemben model za izdelavo cepiv.
Do sedaj so jih v večini kliničnih testiranj uporabili z namenom aktivacije imunskega sistema
pri infekcijskih boleznih in različnih oblikah raka. Cilj je bil predvsem aktivacija specifičnih
citotoksičnih odzivov CLT, saj lahko le ti popolnoma odstranijo z virusi okužene ali rakavo
spremenjene celice.
V zadnjem času se je zaradi njenega varnostnega profila in sposobnosti aktivacije celičnega
imunskega odziva močno povečalo zanimanje za uporabo mRNA-cepiv. V primerjavi z
drugimi dostavnimi sistemi antigenov se je namreč ta, zaradi svoje prehodne ekspresije v
citosolu, možnosti vkodiranja različnih antigenskih proteinov ter hitre izdelave, pokazal kot
zanimiva možnost v boju proti različnim povzročiteljem okužb.
Namen naše magistrske naloge je bil preučiti izvedljivost in učinkovitost intranodalne
imunizacije z mRNA, kodirane z različnimi antigeni in adjuvanti, s ciljem aktivacije
antigensko specifičnih T- in B- celičnih imunskih odzivov pri različnih okužbah in vivo.
Dokazali so namreč, da so DC v bezgavkah sposobne privzemati mRNA, izraziti kodirane
antigenske proteine, jih v obliki peptidov predstaviti v kontekstu molekul MHC in uspešno
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aktivirati celični imunski odziv. Pri našem delu smo uporabili 3 mišje modele, in sicer HIV1, LCMV in influenca A. V mRNA smo vkodirali različne antigene, glede na uporabljeni
model, in sicer skupaj z različnimi adjuvanti; TriMix (CD40L, CD70, caTLR4), DiMix
(CD40L, caTLR4) in flagelin. Adjuvante smo uporabili zato, ker določajo učinkovitost
cepiva oz. njegovo sposobnost aktivacije DC.
i) Mišji model virusa človeške imunske pomanjkljivosti 1 (HIV-1)
Razvoj protiretrovirusnega zdravljenja v zadnjih letih je zagotovil novo upanje za osebe, ki
so okužene s HIV-1. Kljub učinkovitosti pa tovrstno zdravljenje ni kurativno, zato je
vseživljenjsko, spremljajo pa ga pogosti neželeni učinki, bolniki pa so tudi bolj dovzetni za
srčnožilne in nevrološke bolezni. Zaradi osrednje vloge imunskega sistema pri okužbi z
virusom HIV-1, bi lahko bila imunoterapija pomembna nova metodo za premagovanje te
bolezni.
Odločili smo se, da bomo v mRNA kodirali ohranjena strukturna področja virusa HIV-1
(struktura HIVACAT), za katere je znano, da so tarče T-celičnega imunskega odziva v
obolelih osebah z nizko plazemsko koncentracijo virusa. V bezgavkah in vranici poskusnih
živalih smo, po prvi, drugi in tretji imunizaciji s cepivoma HIVACAT mRNA in HIVACAT
mRNA + TriMix, ugotavljali obseg specifičnega citotoksičnega odziva CD8+ limfocitov T.
Ugotovili smo, da je vsaka imunizacija povečala omenjeni imunski odziv. Prisotnost
adjuvanta TriMix je pripomogla k močnejšemu odzivu CTL po prvi in drugi imunizaciji, v
primerjavi s skupino živali, ki je prejela cepivo brez njega. Po tretji aplikaciji pa so razlike
med primerjanima skupinama postale manjše. Ob tem smo preverili tudi morebiten vpliv
strukture TriMix na obseg in jakost T-celičnih odzivov na 17 strukturnih področij HIV-1,
kodiranih v strukturi HIVACAT, pri čemer nismo opazili večjih razlik, v primerjavi s
skupino živali, ki je prejela zgolj cepivo HIVACAT mRNA.
ii) Mišji model virusa limfocitnega horiomeningitisa (LCMV)
Mišji model LCMV se zaradi podobnega vpliva na imunski sistem, kot ga ima HIV-1,
pogosto uporablja za odkrivanje imunskih lastnosti slednjega. Dva poglavitna strukturna
proteina v LCMV, ki sta odgovorna za citotoksični T-celični imunski odziv nanj, sta
nukleoprotein in glikoprotein. Zato smo v mRNA vkodirali oba, in sicer v kombinaciji z
različnimi adjuvantnimi imunostimulatornimi molekulami (TriMix, DiMix in flagelin).
Analizirali smo jakost imunskih odzivov CTL na oba antigenska proteina, in sicer glede na
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dodani adjuvant. V vseh primerjanih skupinah poskusnih živali smo določili močne odzive,
s čimer smo potrdili visoko imunogenost obeh antigenskih proteinov (nukleoproteina in
glikoproteina). Ugotovili smo, da je bil pri tem TriMix najučinkovitejši adjuvant, flagelin pa
je deloval imunsupresivno na aktivacijo CTL.
iii) Mišji model virusa influence A
Na koncu smo preverili, kakšen vpliv imajo mRNA-cepiva na humoralni imunski odziv.
Želeli smo ugotoviti, ali intranodalna imunizacija z mRNA lahko izzove protitelesni imunski
odziv proti hemaglutininu virusa influence A, in ali ga lahko z dodatkom adjuvantov še
povečamo. V plazmi imuniziranih poskusnih živali smo skozi daljše časovno obdobje
določali protitelesa IgG1 in IgG2a. Medsebojno smo primerjali tudi različne skupine živali,
ki so prejele cepivo z različnimi adjuvanti (TriMix, DiMix in flagelin). Najučinkovitejši
adjuvant je bil flagelin, TriMix pa je zaviral na humoralni imuski odziv. Za podrobnejšo
analizo smo uporabili različne kombinacije imunostimulatornih adjuvantnih molekul
(CD40L, CD70, caTLR4, flagelin), da bi lahko ocenili vpliv posamezne od njih. Tiste
skupine živali, pri katerih je bil v cepivu prisoten flagelin, so izkazale obsežnejše B-celične
oz. humoralne imunske odzive glede na tiste, pri katerih tega adjuvanta nismo uporabili.
Nasprotno pa smo pri živalih, pri katerih so bile v uporabljenem cepivu kodirane adjuvantne
molekule CD70, opazili njihov imunosupresiven učinek na B-celični imunski odziv.
Dokazali smo torej, da intranodalna imunizacija z mRNA-cepivi izzove T- in B-celične
imunske odzive. S sočasno uporabo adjuvanta TriMix smo dosegli povečanje citotoksičnega
odziva CD8+ limfocitov T po prvi in drugi, ne pa tudi po tretji imunizaciji. Flagelin je povečal
humoralni odziv, na T celični odziv pa je deloval imunosupresivno.
Naši preliminarni eksperimentalni rezultati predstavljajo le majhen prispevek v okviru
kompleksnega razvoja mRNA-cepiv, vandar pa nakazujejo, da bi lahko z nadaljnjih delom
v tej smeri pripomogli k učinkovitejšem boju proti različnim vrstam življenja ogrožajočih
okužb.

Ključne besede: imunska terapija; cepljenje; mRNA; adjuvanti; virusi: HIV-1, LCMV in
virus influence A
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INTRODUCTION

Infectious diseases claim millions of lives every year and remain one of the most prominent
health issues across the world, undeterred by decades of attempts to suppress or contain them
(1). Early efforts to control infectious diseases can be traced back to the 18th century in which
Edward Jenner was successful in vaccinating a large number of people against smallpox (2).
The use of vaccination greatly reduced small pox mortality rates, thus substantially
increasing population growth (3). Despite this success, the emergence of other deadly
infectious diseases such as pandemic influenza strains and human immunodeficiency virus
type 1 (HIV-1) have highlighted the importance for continuous development of early
detection methods of and vaccines against many various infectious agents (4, 5). Since the
first recognition of an increasing number of AIDS cases in the United States from 1981 on,
there have been more than 70 million people infected (UNAIDS Report 2015). But the
development of novel highly active anti-retroviral therapy (HAART) in recent years has
brought new hope. However, despite its efficacy, this treatment is not curative and patients
are compelled to adhere to it lifelong (4). New therapeutic methods aimed at targeting these
issues are emerging. Due to the immense effect of the immune system on HIV infection,
immunotherapy could prove to be a way to defeat the HIV-1 virus. A number of vaccine
studies have centered on cytotoxic T lymphocyte (CTL) responses, as they might offer an
answer to restraining HIV without combined antiretroviral therapy (cART) (5, 6). One of the
most efficient therapeutic vaccinations is the use of ex vivo modified autologous dendritic
cell (DCs), which has not only been shown to strengthen HIV-1 specific immune responses
but also control the viral load for a limited time without the need for cART (7). However,
the high cost of the required specialized facilities and staff are barriers to wide-utilization of
ex vivo modified autologous DCs vaccines (8). Alternatively, the use of intranodally
delivered mRNA vaccines may provide a way to circumvent these issues by targeting and
modifying recipient’s DCs in vivo. As demonstrated by Kreiterl and colleagues these
vaccines induce T cell response against specific antigen encoded in mRNA after being
intranodally injected in mice (9). This was also shown by the host laboratory in cancer
models and in HIV models, which will be the subject of this thesis (10, 11).
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As messenger ribonucleic acid (mRNA) can encode any known protein, this approach could
also be applied for the development of vaccines against other infectious diseases, both in a
therapeutic and prophylactic setting. While existing vaccines against influenza A have
proven their efficacy in generating neutralizing antibody responses against the virus, they
need to be revised and altered each year due to the high mutational frequency of the virus
(12). In addition, current production methods take considerable time and are thus dependent
on predictions for the next circulating influenza strain (13). Consequently, failure to
accurately predict the next strain may lead to inadequate vaccine coverage, resulting in
thousands of deaths and consequently in a high economic burden due to a high number of
sick leaves and significant hospitalization costs worldwide. Prophylactic mRNA vaccines
may therefore provide a possible solution regarding the time requirements and annual risks
of lacking efficacy faced in traditional influenza vaccine production. Namely they offer
potential for quick, large-scale production of sequence-matched material, which would
provide a faster and more efficient response to unanticipated influenza strains upon
sequencing the viral genome (14).

1.1 Immune system
The main purpose of immune system is to protect the organism from microbial pathogens
and other foreign substances. It consists of two interconnected subsets, the innate and
adaptive immunity (15).
When faced with an invading pathogen, the innate immune system is the first to react and as
such plays a crucial role in early detection of danger. It represents the first line of immune
defense that is highly conserved, immediately available and somewhat nonspecific in nature.
Important mediators of the innate immune system include phagocytes, such as neutrophils
and macrophages, as well as professional antigen-presenting cells (APCs), i.e. dendritic cells
(DCs). The latter are responsible for both, detecting and eliminating pathogens, as well as
subsequently activating the adaptive immune system via antigen-presentation and
stimulatory signals (16).
In order to fully control a particular infection, the immune system needs to be specifically
tailored against the invading pathogen. This is done by raising an adaptive immune response
against the invading microorganism, based on its particular antigens (17). The adaptive
2

branch of the immune system is defined by its antigenic specificity, which develops through
clonal gene rearrangements in lymphocytes resulting in higly polymorphic antigen-specific
receptors (18). Adaptive responses fight invading pathogens via activated B cell-produced
neutralizing antibodies and/or cytotoxic T cell (CTL) lysis of infected cells. The
characteristic of adaptive immune system is also specific immunological memory against
pathogens which ensures rapid immune activation and response in case of recurrent
exposures to same specific microorganisms (19).
1.1.1

Dendritic cells

As already mentioned, DCs are the professional APCs and serve as a crucial link between
the innate and adaptive immunity (20). Several subtypes of DCs have been characterized.
Conventional myeloid DCs (cDCs) play an essential role in stimulating T cells via antigen
internalization, processing and presentation (21). Upon encountering particular pathogen,
their pathogen recognition receptors (PRRs) recognize its conserved structural elements, the
so called pathogen associated molecular patterns (PAMPs) which results in cDC activation,
maturation and migration to draining lymph nodes (LNs) where they present antigenic
peptides bound to MHC molecules to T-cell receptors (TCRs), expressed on the surface of
CD8+ and CD4+ T cells. While TCRs on CD8+ T cells react with complexes of MHC class I
molecules/antigenic peptides, those expressed on CD4+ T cells can only interact with
complexes of MHC class II molecules/antigenic peptides. Further T-cell stimulation is
provided by mature DCs which secrete cytokines and assure co-stimulatory signals. All of
this finally results in functional differentiation and clonal expansion of activated effector T
cell clones, responsible for clearance of infected cells (22, 23).
The second major group of DCs consists of plasmacytoid dendritic cells (pDCs). They are
capable of secreting large quantities of type I interferons (IFN), i.e. IFN-α and IFN-β, when
exposed to viruses. These are important soluble factors able of triggering innate immunity
against viral RNA. Also, maturation of pDCs following viral infection leads to stimulation
of CD4+ T cells to secret IFN−𝛾 and interleukin 10 (IL-10), important for appropriate T and
B cell responses, respectively (24, 25).
Follicular dendritic cells (fDCs) are the third type of DCs. They are located in lymphoid
follicles and are important for the affinity maturation of activated B cells. Through antigenantibody complex presentation, fDCs select activated B cells producing high-affinity
3

antibodies, which leads to their clonal expansion. Thus, fDCs are responsible for shaping the
antigen-specific humoral response (23).
To summarize, DCs play crucial roles in generation of immune responses, due to their
capacities to activate large numbers of T and B cells, regardless of the fact that only very
small numbers of them are activated by pathogens (22).
1.1.2

CD4+ T lymphocytes

Antiviral immunity is influenced by CD4+ T cells at several levels of the immune response.
These cells impact humoral, as well as cellular immunity, and are therefore indirectly
responsible for viral suppression (26). TCRs on naïve CD4+ T cells interact with antigenic
peptides presented within the context of MHC class II molecules, leading to differentiation
into various subtypes of T helper (Th) cells (23). Their subtype differentiation is determined
by multiple factors, including cytokines and costimulatory signals present in their
microenvironment. The complexity of these routes is presented in Fig. 1, but it is outside the
scope of this thesis (27). T-helper 1 (Th1) cells help prevent viral infections by acting upon
several different levels of immune system. Their cytokine production, especially that of
IFN−𝛾 is essential for clonal expansion and memory responses of antigen-specific CD8+ T
cells (26, 28). Through a process known as ‘licensing’, activated CD4+ T cells increase APC
maturation via co-stimulatory interactions of CD40 ligands (CD40L) with CD40 molecules
and production of different cytokines. Mature APCs then, in turn, stimulate CD8+ T cells
(29). CD4+ T cells (Th2 and Th1) also play a crucial role in generation of high-affinity
antibodies through their intrafollicular interactions with plasma cells (23).
CD4+ T cells play a central immunological role via cytokine production and the resulting costimulatory signaling, thereby inevitably enhancing cellular and humoral immune responses
leading to decrease of viral replication (26).

4

Figure 1: Naïve CD4+ T cell differentiation into different Th subtypes; adopted from (30).

1.1.3

CD8+ T lymphocytes

Cytotoxic T lymphocytes (CTLs) detect and eliminate intracellular-pathogen, particularly
virus infected cells (31). As such, they are critical for HIV-1 immunity. Therefore the
research and development of vaccines capable of inducing specific anti-viral CTL responses
is becoming more and more important in attempts to stop the global spread of HIV-1 (32).
Viral epitopes presented by infected cells within the context of MHC class I molecules allow
CLTs to identify, attack, and subsequently destroy them. CTLs attacking infected target cells
deliver cytotoxic granules containing perforin and granzyme B. Perforin forms pores in
membranes of targeted cells thereby enabling granzyme B to enter into them and activate
the caspase-driven programmed cell death or apoptosis (Fig. 2). Apoptosis can also result
from interaction between Fas ligands (FasL) expressed on CTL and Fas receptors present on
the surface of target cell, leading to caspase activation (Fig. 2) (33, 34).
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Figure 2: The mechanisms of cellular killing by CTLs. MHC class I antigen recognition by CTL,
leading to release of cytolytic granules (perforin and granzyme). FasL-Fas interaction (Fas
trimerization) conduction cell infected lysis by recruiting caspase. Adopted from (35).

1.1.4

B cells

Via their surface antigenic receptors (BCRs), B lymphocytes are able to recognize numerous
pathogenic antigens. This recognition results in B lymphocyte maturation into plasma cells,
being capable of antigen-specific antibody production and secretion. Until next exposure to
the same pathogen, the immune system is able to maintain the memory of it and then
immediately activate pathogen-specific BCRs, resulting in faster production of high-affinity
neutralizing antibodies.
BCR molecule activation can be accomplished in two ways, depending on the nature of
infecting antigen. In case of protein antigens, TCRs expressed on CD4+ T helper cells (Th2)
recognize them in a form of peptides, being processed by B cells and presented bound to
their surface MHC class II molecules. This recognition activates and matures both, the
interacting B and T cells and results in plasma cell production of antigen-specific antibodies.
On the other hand, the non-protein antigens do not require T cell help in order to activate B
cells. Namely, such antigens display multiple identical epitopes which, upon binding to
BCRs cross-link them and thereby activate B cells and mature them into IgM-producing
plasma cells (23).
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Due to their constitutive expression of MHC class I and II and co-stimulatory molecules, B
cells function as highly efficient APCs, encountering antigens and T cells in secondary
lymphoid tissues/organs. Upon binding of protein antigen to BCR, the resulting complex is
internalized and processed, so that resulting antigenic peptides can bind to MHC class II
molecules which are then presented on the surface of B cell to be recognized by appropriate
clone of TCRs, expressed on CD4+ T helper cell. However, to efficiently activate naïve
CD4+ T cells, B cells must provide additional co-stimulatory signals. These are generated
via interaction CD40 molecules on B cells with their CD40L ligands, expressed on CD4+ T
cells (36).

1.2 Vaccination
Despite current advances in treating infectious diseases, vaccination is still the most efficient
and the most valuable approach for preventing them (37). Vaccines are based upon
immunological memory, the capacity of which determines vaccine efficacy (38). For
decades, traditional prophylactic vaccines have been successful in fighting infectious
diseases, such as influenza, by activating humoral immunity in order to neutralize the
pathogen (39). In regards to chronic infections (e.g. with HIV-1) antibody responses often
fall short in providing protective immunity. In such cases, cellular immune responses
mediated by CTLs may provide a way to eradicate the pathogen’s cellular reservoir and
permanently resolve its persistence (37).
As DCs are essential for linking the innate and adaptive immunity, and possess the most
potent ability of all APCs to stimulate both T and B cells, they are an attractive target for
vaccination purposes (22).
1.2.1

DC-based vaccines

Over recent years, significant progress has been made in the field of DC research aimed at
understanding their role in innate and adaptive immunity. Historically, the majority of
clinical trials have utilized DCs for eliciting immune responses against infectious diseases
and cancers (22). These types of vaccines are thought to operate mainly via the induction of
antigen-specific T cell responses. The methodology of their production depends on ex
vivo culturing of autologous DCs and their specific antigens stimulation with adjuvants and
after which they are re-administered to the patient. DCs themselves are crucial a component
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of vaccine as they are responsible for acquiring, processing and presenting antigen to T cells;
activating cancer-rejecting CTLs; and, upon subsequent exposure to the same antigen,
generating long-lived, memory CD8+ T cells (40).
The use of DC-based vaccines has also been studied in patients infected with HIV-1 as well.
García and colleagues immunized HIV-1 infected patients on concomitant cART therapy
with autologous monocyte-derived DCs (MD-DCs), pulsed with autologous heatinactivatated HIV-1. A significant reduction in plasma viral load was observed in immunized
patients and was associated with a steady increase in HIV-1-specific T cell responses
following cART therapy interruption. The authors reported that DC vaccination was safe
and feasible (41). While DC-based therapies targeting HIV have shown promise, logistical
difficulties, such as required expertise and highly specialized facilities, limit the production
of individualized, personally tailored vaccines by ex vivo manipulation of autologous DCs
to a small number of institutions, able to perform this highly demanding task (8). Therefore,
in vivo targeting of DCs using mRNA could offer a feasible vaccination alternative.
1.2.2

mRNA-based vaccine platforms

Recently, mRNA vaccines have been proven to be safe and efficacious in inducing cellular
immune responses. When compared to other antigen delivery systems the use of mRNA
vaccines offer several benefits. Due to its transient expression in the cytosol, mRNA
vaccines circumvent the entry into cell nuclei and related genomic integration risks, which
are difficulties faced when delivering DNA vaccines and viral vectors. The mRNA vaccines
can be manufactured by adhering to Good Manufacturing Practices (GMP) at relatively low
costs. Additionally, these vaccines bolster immune response against self-antigens via selfadjuvant activity through interaction with various PRRs, for example Toll like receptors 3
and 7 (TLR3, TLR7) (24, 42).
Initial studies of mRNA induced T-cell immunity were based on ex vivo modifications of
autologous DCs with antigen-encoding mRNA which were then administered into patients.
These vaccines were tested for cancer immunotherapy as well as therapeutic vaccination
against HIV-1 (43, 44). Currently the trend of mRNA therapeutics is steering towards direct
administration of naked mRNA aiming at providing antigens to DCs in vivo. It was shown,
that intranodal delivery of naked mRNA in mouse models results in its selective uptake by
resident DCs, thereby initiating a potent T-cell stimulatory microenvironment leading to
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antigen-specific antitumor immune responses (9). Increased DC maturation can further
bolster vaccine immunogenicity (24). Therefore, concomitant use of an effective adjuvant
may provide significant advantages in the development of a potent mRNA-based vaccine.
1.2.3

Adjuvants

Adjuvants, which potentiate the effects of immunogenic components in vaccines, represent
an essential element of modern vaccine production. A significant variety of adjuvants has
been under investigation; however, only a handful of them are currently in use (45). One of
the most widely used adjuvants in vaccination therapy is alum (aluminium hydroxide wet
gel suspension), which has been shown to increase the uptake of antigen by APCs, along
with many other mechanisms (46).
Considering the importance of innate immunity for adaptive immune cells activation, TLRs
are considered as adjuvant receptors. After recognizing various types of antigens TCRs
induce proinflammatory cytokine secretion and upregulation of DCs maturation. Different
pathways are used by various TLRs, all resulting in promotion of adaptive immune system
stimulation (47).
In the context of mRNA immunotherapy, adjuvants based on immunomodulating proteins,
can be encoded in mRNA and after the uptake of such construct potentiate antigen-specific
stimulatory potential of DCs in situ (24). Van Lint et al. evaluated adjuvant effects by
comparing immunogenicity of intranodally administered mRNA vaccine coding only for
tumor-associated antigen (TAA) and TAA mRNA vaccine additionally coding for the
TriMix adjuvant (CD40L, CD70, and constitutive Toll-like receptor 4 - caTLR4). Increases
in CTL antitumor responses were observed in the group of mice receiving the TAA+TriMix
mRNA vaccine compared to the group which was vaccinated with the TAA mRNA only.
Additionally, TAA delivery combined with the TriMix prolonged survival rates of animals
in a mouse tumor model. These data also indicate that direct delivery of mRNA vaccines
may augment immune responses, compared to the use of DCs electroporated with mRNA ex
vivo. Therefore, results of this important study clearly demonstrate the feasibility of
intranodal delivery of a combined TriMix and antigen mRNA vaccine, as well as its efficacy
in mounting strong antigen-spscific T cell responses, providing more than enough evidence
for a novel vaccine platform (10).
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1.2.3.1 The TriMix adjuvant
TriMix itself comprises three immunostimulatory molecules: CD40L, CD 70, and caTLR4.
Their importance is discussed in the following paragraphs and presented in Fig. 3.
Soluble CD40L is indirectly responsible for DCs cytokine production following its binding
to CD40. Namely, activated DCs through CD40L-CD40 signaling, upregulate expression of
CD80 and CD86 co-stimulatory molecules and increase cytokine production, therefore
becoming better inducers of T cell activation (48).
DCs and activated lymphocytes both express CD70 molecules. Virus specific CD8+ T cell
clones require interaction between CD27 and CD70. CD27 is expressed on naïve T and
activated B cells. The CD27-CD70 interaction also prolongs T cell survival and plays a
critical role in B lymphocyte activation by providing co-stimulatory and differentiation
signals (49).
TLR4, the third immunoregulatory molecule contained within the TriMix, is an important
regulator of LPS mediated immune responses, normally expressed by DCs and macrophages.
In order to obviate the use of exogenous LPS for DC stimulation, a variant of TLR4 was
created, where the extracellular part of the molecule was removed, resulting in a
constitutively signaling variant (caTLR4). Transfection of DCs with caTLR4 induces DC
maturation and subsequent secretion of IL-12, a cytokine essential for CD4+ T cell activation
and also humoral immune responses (50).

Figure 3: Activation signals generated by the TriMix adjuvant.
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1.2.3.2 The flagellin adjuvant
There has been an increased interest in recent years in adjuvant properties of flagellin, a
protein found in flagella of certain bacteria. It is well known that flagellin is able to stimulate
innate immune response (51). By binding to TLR5 and intracellular NOD-like receptors
(NLRs), it promotes the release of cytokines and DC maturation (52, 53). When bound to
TLR5, expressed on monocytes/macrophages and DCs, flagellin enhances the DC mature
status, resulting in the up-regulation of MHC class II, as well as CD80 and CD86 costimulatory molecules, via the engagement of adaptor protein MyD88 (54). Flagellin acts
through the Naip family of NLRs and forms a complex called inflammasome following its
ligand recognition. In turn, the inflammasome activates Caspase 1 which is responsible for
the cleaving of pro-IL-1β and pro-IL-18 precursor proteins into their active forms, thereby
leading to immunogenic cell-death termed pyroptosis (55). It has been previously shown that
flagellin can induce humoral immune response when co-administered with antigen (56, 57).
Nguyen et al. showed that flagellin used as adjuvant was able to enhance and potentiate
CD8+ T cell responses against a specific tumor antigen (58).
Because flagellin is a protein, it can be engineered for use in mRNA vaccines as an adjuvant.

11

1.3 Models for studying antiviral immunity
1.3.1

Human immunodeficiency virus type 1 (HIV-1)

HIV-1 attacks immune cells leading to a continuous loss of CD4+ T cells. Without them the
immune system is dysregulated, resulting in severe secondary immunodeficiency (4).
The introduction of cART prolonged the survival rates of patients and helped significantly
reduce the risk of viral transmission. However, anti-retroviral therapy treated HIV-1 positive
patients, similar to those not receiving cART, remain at high risk for cardiovascular diseases,
diabetes, cancer, and neurological diseases (59). Over 40 unique anti-retrovival therapies
exist and can be administered in various combinations. Molecular mechanisms of various
anti-retroviral drugs are presented in Fig. 4. However, at its best, this approach can only
control, not eradicate the infection, and thus requires lifelong adherence (60). Therefore,
there is an urgent need for alternative therapies that would cure HIV-1 affected patients (61).
Long-term non-progressors, i.e. patients infected with HIV-1 that display CD4+ T cell counts
within a normal reference rage and low viral plasma loads for long periods of time,
demonstrate superior antiviral immune activity and offer hope for engineering effective
HIV-1 vaccines (62). Much of research is centered upon vaccines because of their promising
outlook to control HIV-1 infection. The majority of these experimental therapies hinge upon
studies examining specific anti-HIV-1 CD8+ and CD4+ responses. These studies have so far
remained in vitro (5, 6). However, therapeutic vaccination with autologous DCs pulsed with
inactivated HIV-1 have demonstrated some success, resulting in enhancement of specific
anti-HIV-1 T cell immune response and significant viral-load reduction, in the absence of
cART. Van Gulck et al. evaluated the influence of autologous DCs electroporated with
mRNA encoding various HIV-1 proteins, applied to infected patients on concomitant cART.
They reported promising results in terms of increased antiviral cellular immune responses,
especially those of effector CD8+ T cells (63). Allard et al. from the host laboratory
demonstrated HIV-1 specific CD4+ and CD8+ T cell responses after applying DCs that were
electroporated ex vivo with mRNA encoding HIV-1 proteins (64).
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Figure 4: Molecular mechanism of antiretroviral drugs action on HIV-1 life cycle; adopted
from (66). Fusion inhibitors prevent virus binding and fusion needed for cell entry.
Nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) block reverse transcriptase by
their inclusion in viral DNA. Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) block
reverse transcriptase by directly binding to the enzyme. Integrase inhibitors block viral DNA
integration into host genome. Protease inhibitors are responsible for inhibition of the enzyme,
important for maturation of viral particles (65, 66).

1.3.2

Lymphocytic choriomeningitis virus (LCMV)

LCMV is another persistent virus that can help us in understanding of immune mechanisms
against HIV infection (67). Although the progression of LCMV infection differs from that
of HIV-1, there are remarkable similarities regarding the immune responses triggered by
either of them. The two major structural proteins expressed by LCMV are nucleoprotein
(NP) and glycoprotein (gp). Although these viral proteins are stable in host cells, they still
represent a viable source of antigenic peptides, generated via their enzymatic degradation,
in amounts that are large enough to trigger CTL responses following (68).
Interestingly, while the LCMV Clone 13 infection exhausts T cells and thus decreases
immune response, the LCMV Armstrong variant, on-the-other-hand, results in rapid
expansion of anti-LCMV-specific effector T cells. Since both LCMV and HIV-1 infections
result in CD8+ T cell response deficiencies, and in particular decrease of cytokine
production, LCMV represents an effective tool for uncovering the features of immune
responses against HIV, as well as other persistent viruses (69).
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1.3.3

Influenza virus A

Influenza viruses can lead to severe respiratory infections, such as pneumonia, and affect all
ages, particularly vulnerable populations are pediatrics, and the elderly (70). It is estimated
by WHO that influenza infection causes 250.000-500.000 deaths annually, worldwide.
The Center for Disease Control and Prevention utilizes neuraminidase (NA) and
hemagglutin (HA) types to categorize influenza A virus strains. To date, 11 different NA
and 18 unique HA have been discovered. Both HA and NA encoding genes are highly
mutational, allowing the virus to evade the pre-existing immune protection, e.g. with T
memory cells, and are therefore responsible for repeating re-infections of patients (71).
Although influenza vaccinations are generally safe and effective, they however require
annual modifications, due to the virus ability of frequent antigenic shifting and occasional
antigenic drifting. These annual changes of antigens used in vaccines depend on extensive
production lead time, as actual viral strains must be studied in order to predict the most
prevalent emerging strain (39). Thus, miss-predictions may occur and then result in
inefficacy or too late availability of the annual vaccine. Therefore mRNA vaccines against
influenza A virus may offer a viable prophylactic approach, because they can be
manufactured relatively quickly and reliably in response to threatening pandemic strains
(14).
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2

AIM OF THE THESIS

In our study we will deliver specific mRNA-encoded antigens via intranodal immunization
to mice in order to evaluate the feasibility of eliciting antigen-specific immune responses.
Furthermore, we will analyse the impact of various, concomitantly applied co-stimulatory
molecules on T cell mediated and humoral responses against specific antigens. We plan to
use three different mice models, selected for investigating antigen-specific adaptive immune
responses elicited by (1) anti-HIV-1, (2) anti-LCMV, and (3) anti-influenza virus A mRNA
vaccination.
In order to assess T cell activation in C57BL/6 mice, in vivo CTL assays will be performed
after each of the three-times repeated intranodal immunizations with mRNA encoding either
the HIVACAT antigen alone or combined with the adjuvant co-stimulatory mixture TriMix
(caTLR4, CD40L, CD70). Furthermore, to examine the breadth and the magnitude of IFN−γ
responses against mRNA encoded HIVACAT antigenic peptides, IFN−γ ELISpot Assay
will be performed after the third immunization.
Immune responses against LCMV have been demonstrated to closely resemble those,
following HIV-1 infection. Therefore we will attempt to assess the baseline immune
response against LCMV by immunizing naïve C57BL/6 mice concomitantly with the TriMix
encoded mRNA and mRNA coding the two major structural LCMV proteins, i.e. NP and
gp. In order to be able to analyze the immunogenicity of different NP and gp antigenic
regions, splenocytes will be restimulated with 4 NP and 2 gp peptide pools, one week after
the prime immunization and their immune responses assessed by IFN−γ ELISpot Assay.
Additionally, the impact of different adjuvant co-stimulatory molecules, i.e. TriMix, DiMix
(caTLR4+CD40L), and flagellin, on antigen-specific T cell immune responses will be
evaluated by performing in vivo CTL assays after just one immunization.
Lastly, we will test the mRNA vaccine in a prophylactic setting, using influenza virus A as
a model. To achieve this goal, BALB/c mice will be immunized intranodally with mRNA
encoding for influenza HA antigen, in combination with mRNA vaccines encoding for
different adjuvants (TriMix, DiMix and flagellin). Anti-HA IgG1 and IgG2a antibodies will
be analyzed by ELISA Assay at week 1, 2, 4, 6 and 11 after the third immunization. To
assess the influences of individual adjuvant co-stimulatory molecules on the antigen-specific
humoral immune response, various treatment arms will be conducted. In each treatment arm,
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different combinations of antigen encoded mRNA and mRNA coding for particular adjuvant
molecule (caTLR4, CD40L, CD70 and flagellin) will be tested.
Schematic presentation of basic experiment is displayed in Fig. 5.

Figure 5: Schematic presentation of the planned experimental mRNA vaccination. mRNA
encoding for specific antigen and different adjuvants as a vaccine platform for intranodal
immunization of mice. mRNA uptake in vivo leads to DC maturation and antigen presentation to T
and B cells; adapted from (72).
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3

MATERIALS AND METHODS

3.1 MATERIALS
Tabele 1: Laboratory equipment.
Name

Company

CASY Cell counter

Innovatis

DNA tubes, 1,5 ml

Eppendorf

AID Elispot reader

Autoimmun Diagnostika GmbH

FACSDiva software

Becton Dickinson (BD)

Falcon Cell Strainer 40μm Nylon

Corning

GraphPad Prism version 5.00 software

GraphPad Software

LSRFortessa flow cytometer

Beckton Dickinson (BD)

Michel clips

Fine Science Tools

Microtitre plates, 96 well

Corning

Spectramax M2

Molecular Devices

Syringe BD Micro-Fine, 8 mm

BD Medical
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Tabele 2: Media and chemicals.
Name

Company

CellTraceViolet (CTV)

Life technologies

Dulbecco’s Phosphate Buffered Saline Sigma-Aldrich, Belgium
(DPBS)
Hartmann solution

Baxter

Ketamine 100 mg/ml

Ceva

L-glutamin

Sigma-Aldrich

Liberase TL solution

Roche

Lithium chloride

Sigma-Aldrich

Penicilline

Sigma-Aldrich

Peptide pools

Eurogentec

RPMI 1640 cell culture medium

Sigma-Aldrich

Sodium pyruvate

Sigma-Aldrich
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.
Tabele 3: Prepared solutions.
Prepared solutions

Components

RPMI+ medium

RPMI 1640 supplemented with 5% of
Fetal clone I serum, 1 mM Sodium
Pyruvate, 1 mM non-essential amino
acids, 100 U/ml Penicilline, 100 µg/ml
of streptomycine, 2mM L-glutamin and
50 µM of β-mercaptoethanol

FACS buffer

DPBS supplemented with 1% bovine
serum albumin and 0,02% sodium azide.

3.2 Mice
Female 8-12 week-old C57BL/6 and BALB/c mice were obtained from Charles River
(Wilmington, MA). All experiments were performed in accordance with the guidelines set
forth by the Ethical committee for use of laboratory animals at the Free University of
Brussels.

3.3 METHODS
3.3.1

In vitro mRNA transcription

The cDNA used for mRNA coding for CD40L, CD70, caTLR4, flagellin, HIVACAT, NP,
gp and HA was produced by ‘Geneart’ and codon-optimized for use in mice. The
complementary deoxyribonucleic acid (cDNA) sequence was then cloned into the pEtherna
vector for enhanced translation and stability. The vector was linearized with the restriction
enzyme BspM. After performing agarose gel electrophoresis to verify its integrity, the
linearized DNA was stored at -20 °C. For mRNA transcription, T7 RNA polymerase,
nucleosides, and Anti-Reverse cap analogues (ARCA) were added and incubated for two
hours at 37 °C, along with the linearized cDNA. DNAse I was then added to degrade the
cDNA template.
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3.3.2

mRNA precipitation

mRNAs were dissolved in RNase free water and stored in freezer. Different mRNA mixtures
were prepared in DNA tubes and precipitated with lithium chloride (centrifuging for 15 min
at 13.000 rpm). After supernatant removal, the solution was precipitated with 500 μl of 70%
Ethanol at 13.000 rpm for 5 min. Subsequently, ethanol was removed by evaporation in the
laminar flow cabin and mRNA re-suspended in endotoxin free water (2 μl). After 10 min
Hartmann solution (8 μl) was added and the vaccine solution aspired into a syringe (10 μl
per injection).
3.3.3

Vaccine application into lymph nodes

Mice were anesthetized with 10% of ketamine and 5% of xylazine, diluted in Dulbecco’s
Phosphate Buffered Saline (DPBS). A small incision was made with blade in the area of the
inguinal LN (Fig. 6). Then a total volume of 10 µl vaccine was injected directly into the
exposed LN. The wound was closed with a clip.

Figure 6: The position of intranodal injection marked on a C57BL/6 mouse; adopted from (73).

3.3.4

Preparation of single cell suspensions from spleens and lymph nodes

Spleen. Mice were sacrificed by neck dislocation. Spleens were aseptically removed, crushed
with the back end of a syringe piston and filtered through a 40 µm nylon filter. Filtered cells
were washed with DPBS and then the red blood cell lysis buffer was added. Following 3
minutes of incubation at room temperature (RT), the lysis buffer was neutralized and the
cells washed with DPBS. Finally, splenocytes were suspended in RPMI+ medium.
20

Lymph nodes. Mice were sacrificed by neck dislocation. The inguinal LNs were put in a
Liberase solution and incubated for 30 minutes at 37 °C. A single cell suspension was then
obtained with squeezing the contents of LNs through a 70 µm nylon filter, using the back
end of a syringe piston. Then, the cells were washed twice with DPBS and resuspended in
FACS buffer.
3.3.5

In vivo Cytotoxic T lymphocytes (CTL) Assay

To determine the percentages of antigen-specific lysis of antigen-pulsed splenocytes, in vivo,
CTL Assay was performed.
Antigenic Peptide loading of spleen cells
Splenocytes were suspended in RPMI+ medium at a final concentration of 2x107 cells/ml
(CASY Cell counter), and halved. After adding the HIVACAT peptide pools (NP+gp
peptide pools) with a final concentration of 0,5 µg/ml (5 µg/ml), to one half of cell
suspension, splenocytes were incubated for 90 minutes at 37 °C. The cells were then washed
with RPMI+ and resuspended in DPBS, at a final density of 1x107 cells/ml.
CellTraceViolet (CTV) labeling
Cells were labeled with CellTraceViolent (CTV) according to manufacturer’s protocol. To
the peptide-pulsed splenocyte population, the CTV was added at a concentration of 1.5 µM
(CTVhigh), while the non-pulsed population was received 0.15 µM (CTVlow). Both cell
populations were incubated for 20 minutes at 37 °C, washed twice with, and resuspended in
RPMI+medium. Equal amounts of each cell population were then mixed together,
centrifuged and re-suspended in DPBS for IV injection. The total amount of injected cells in
250 µl of DPBS was 1-2x107 per mouse.
Flow cytometric analysis:
Sixteen to eighteen hours after the IV injection containing CTV-labeled splenocytes, the
spleens and LNs were isolated from the sacrificed mice. Single cell suspension was prepared
and resuspended in FACS Buffer. The analyses were performed on an LSRFortessa flow
cytometer and the results analysed with FACSDiva software. For the calculation of specific
lysis percentages, the following formula was used:
% specific lysis = [(%CTVhigh/%CTVlow)immunized / (%CTVhigh/%CTVlow)nonimmunized]x100
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3.3.6

Anti-HA (H1N1) IgG1 and IgG2a Enzyme Linked Immunosorbent Assay
(ELISA)

Microtiter plates were coated with 100 µl/well of HA protein (Sino biological), which was
previously diluted in coating buffer to obtain a final concentration of 2 µg/ml, and incubated
at 4 °C overnight. After washing the wells with washing buffer three times, and blotting the
plates on absorbent paper to remove any residual buffer, non-specific binding sites were
blocked with 100 µl/well of assay diluent (eBioscience). Subsequently the plates were
incubated at room T for 2 hours and then washed three times with the washing buffer. Diluted
sera (1:100) in DPBS were added to wells, following serial 3-time dilutions. Then, the plates
were incubated on a shaker at room T for 2 hours. Anti-hemagglutinin IgG antibodies were
detected after 2 hours of incubation with 50 µl of horseradish peroxidase conjugated goat
anti-mouse IgG1 (1:1.000, Invitrogen) and rat anti-mouse IgG2a antibodies (1:2.000,
Beckton Dickinson), per well. The color reaction was developed by adding the 50 µl of
Tetramethylbenzidine (TMB substrate, eBioscience) per well, yielding blue colour in the
presence of horseradish peroxidase. The reaction was stopped with addition of 50 µl H2SO4
containing stop solution, per well. Absorbances were measured at 450 nm, using the the
Spectramax M2 reader.
3.3.7

Murine IFN-γ ELISpot Assay

The number of INF-γ producing splenocytes was determined with Enzyme Linked
Immunosorbent Assay in accordance with the manufacturer's protocol (Murine IFN-γ
ELISpot Set, Diaclone, France). For this purpose 96 well PDVF bottomed plates were
covered with 100 μl of anti-mouse INFγ capture antibodies per well, and incubated at 4 °C
overnight. Wells were then washed with DPBS and filled with blocking buffer (100 μl/well)
to minimize unspecific binding. After 2 hours of incubation at room T, the DPBS washing
step was repeated. Isolated splenocytes were resuspended in RPMI+ medium and plated at
200.000 cells per well for the LCMV experiment, and 400.000 cells per well for the HIV-1
experiment. Cells were stimulated with different peptide pools (the final concentration for
each pool used was 5 µg/ml) and incubated for 15-20 hours at 37 °C. For a positive control,
the CD3/CD28 peptide pool was used. In the next step, the solution was removed from wells.
The plates were then covered with 100 µl of diluted INF-γ detection antibodies in 1% BSA
Solution per well and incubated at room T for 1 hour and 30 min. Subsequently the solution
of streptavidin (100 μl/well) was added for binding to detection antibodies, and the plates
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were incubated for one hour at room T. Finally, the addition of the BCIP/NBT substrate
resulted in coloured spots on the bottom surface of wells, which were quantified using
Elispot 5 Reader after 10 minutes of plate incubation at room T. For sharper spots, the plates
were additionally incubated overnight at 4 °C.
3.3.8

Statistical analysis

For concomitant comparisons of up to three experimental groups, one-way ANOVA was
performed. Kruskal-Wallis test was used for multiple group comparison, corrected with the
Dunn's multiple comparison test. For all statistical analyses GraphPad Prism version 5.00
(GraphPad Software) was used. Significance level was set at P < 0,05.
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4

RESULTS

4.1

The Human Immunodeficiency Virus 1 (HIV-1) model

4.1.1

Cytotoxic T cell responses upon repeated immunizations of mice with the
HIVACAT and TriMix mRNA vaccines

C57BL/6 mice were intranodally immunized three times with mRNAs encoding the
HIVACAT construct, TriMix adjuvant, or a combination of both. The interval between each
immunization was 14 days. In vivo CTL challenge was performed 5 days after the first, and
4 days after the second and third immunization. Similar results were obtained in LNs and
spleens although CTL response became more noticeable in the spleen following the third
immunization. After each following immunization, a higher immune response was observed.
As expected, groups of mice immunized with HIVACAT mRNA showed higher percentages
of specific lysis compared to those which were injected with the TriMix mRNA only. More
importantly, CTL responses were higher in animals that were treated with a combination of
HIVACAT and TriMix vaccines, compared those which were immunized with the
HIVACAT mRNA only. However, the differences between these two groups became less
evident after the third immunization (Fig. 7).
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Figure 7: In vivo cytotoxicity following intranodal immunization with a combination of HIVACAT and
TriMix mRNA vaccines. C57BL/6 mice were immunized intranodally with mRNAs encoding either TriMix
(n=8), HIVACAT (n=16) or both, i.e. HIVACAT and TriMix (n=16). Animals received 12,5 µ𝐠 of TriMix
mRNA, 37,5 μg of HIVACAT mRNA or the combination of 12,5 µg of TriMix mRNA + 37,5 µg of
HIVACAT mRNA per injection. The percentages of specific lysis were evaluated after each immunization in
lymph nodes and spleens. Graphs represent % of specific lysis in mice, used in 4 repetitive experiments. Each
symbol depicts one mouse. Data are represented as mean ±SEM. Flow cytometry was used for analysing the
results.
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4.1.2

The intensity of IFN−𝛄 responses to HIVACAT peptides

Figure 8: In vivo potency/immunogenicity of HIVACAT antigen and HIVACAT peptides.
C57BL/6 mice were immunized intranodally three times (14-days intervals in-between), with either
HIVACAT mRNA (n=9), TriMix mRNA (n=9) or a combination of both, i.e. HIVACAT and TriMix
mRNA (n=9). Each mouse of a specific group received 12.5 μg of TriMix mRNA and/or 37.5 μg of
HIVACAT mRNA vaccine. Splenocytes were isolated 5 days after the 3rd immunization and were
stimulated with 17 peptide pools completely covering the mRNA encoded HIVACAT construct. The
experiments were repeated three times and analyzed by using the IFN−𝛄 ELISpot Assay. A)
Breadth of IFN−𝛄 responses to HIVACAT mRNA construct: the graph represents numbers of
immunogenic regions targeted in terms of IFN-γ responses. Each mark depicts one mouse. B)
Magnitude of response to HIVACAT mRNA construct: the graph represents total numbers of
spot forming units (SFU) per million splenocytes against the entire HIVACAT mRNA construct. C)
Comparison of responses against 17 different epitopes encoded in the HIVACAT mRNA
construct, between the groups of mice receiving either HIVACAT mRNA only or a
combination of HIVACAT and TriMix mRNAs: the graph represents numbers of spot forming
units (SFU) per million splenocytes. Data are represented as mean ±SEM. D) Comparison of
responses against specific peptides (the sum of all epitopes), between the groups of mice
receiving either HIVACAT mRNA only or a combination of HIVACAT and TriMix mRNAs;
the graph represents numbers of spot forming units (SFU) per million splenocytes. Data are
represented as mean ±SEM.
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IFN−γ responses against the HIVACAT immunogen were seen in all mice immunized with
HIVACAT mRNA. Concurrent with the previous results, we observed no differences in
both, the overall breadth and magnitude of immune responses against HIVACAT between
the groups of animals receiving either HIVACAT mRNA only or a combination of
HIVACAT and TriMix mRNAs, after all three immunizations (Fig. 8A, B).
Closer evaluation of targeted immunogenic peptide regions of the HIVACAT sequence
revealed similar patterns in both groups of mice, i.e. those that received HIVACAT mRNA
only and those that were injected with a combination of HIVACAT and TriMix mRNAs,
with the highest responses against Vif, Int, Gag p17 and Gag p24 peptides in both groups.
However, a small number of animals immunized with a combination of HIVACAT and
TriMix mRNAs also elicited IFN−γ responses against the Nef region, which was not
observed in the HIVACAT only group (Fig. 8C, D).
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4.2 The LCMV model
4.2.1

Breadth of immune response against NP and gp epitopes

Next, we evaluated the immunogenicity of mRNA constructs encoding LCMV-NP and
LCMV-gp antigenic proteins. To this end, mice were immunized with either TriMix mRNA
or a combination of or TriMix and NP-gp mRNAs. One week after the prime immunization
spleens were isolated and analysed. In the TriMix + NP mRNAs treated group the
immunogenicity was observed against all NP epitopes. The same breadth of immune
response was detected in animals that were immunized with combined TriMix + gp mRNAs.
Vaccination with all, i.e. the TriMix, NP and gp mRNAs induced broader but weaker
responses, as compared to animals immunized with individual mRNA constructs, depending
on the peptide region (Fig. 9).

Figure 9: Immunogenicity of different NP and gp antigenic regions in mice immunized with
either TriMix, TriMix and NP, TriMix and gp, and a combination of all three mRNAs.
C57BL/6 mice were intranodally immunized with either 12.5 µg of TriMix Mrna (n=2), 37,5 µg of
NP or gp mRNA (n=4), and the combination of 18.8 µg of NP and 18.8 µg of gp mRNAs (n=4).
Splenocytes were re-stimulated with 4 NP and 2 gp peptide pools. IFN−𝛄 ELISpot Assay was
performed to assess the breadth of immune responses. The graph represents total numbers of spot
forming units (SFU) per million splenocytes against the NP and gp immunogens. Data are
represented as means ±SEM.
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4.2.2

CTL responses against LCMV NP and gp proteins in the presence of
different adjuvant co-mixtures

Furthermore, to examine the immunogenicity of LCMV NP and gp mRNAs in combination
with different mRNA-encoded adjuvants, mice were immunized intranodally once, and then
in vivo CTL was performed 5 days after the injection. LCMV NP and gp mRNAs were
applieded with various combinations of mRNAs coding for the following adjuvant
molecules: CD40L, CD70, caTLR4 and flagellin. Flagellin, which stimulates TLR5 is
considered to be a potent adjuvant molecule for vaccination. As mentioned before, it was
found that it can increase anti-tumor CD8+ T cell response in mice (59).
High percentage of specific lysis of target cells was observed in LNs and spleens of all tested
animal groups. No significant difference in percentages of specific lysis between groups was
observed. However, the inclusion of TriMix mRNA reduced the inter-group variability of
CTL responses. Also, upon careful consideration of results, we found that TriMix
contributed the most to CD8+ T cell activation, while in the presence of flagellin the CTL
response was the weakest (Fig. 10).

Figure 10: In vivo cytotoxicity detected in lymph nodes and spleens of mice immunized with
NP and gp mRNAs in combination with different mRNA- encoded adjuvants. C57BL/6 mice
were immunized with either 25 µg of NP and 25 µg of gp mRNA alone (n=8), or combined with 25
µg of mRNA encoding for particular adjuvant (TrMix, DiMix, and flagellin) (n=8). Each experiment
was performed twice. Each mark depicts one mouse. Flow cytometry was used for analysing the
results. Data are represented as mens ±SEM. A) Specific lysis of NP-gp-peptide-pulsed splenocytes
in lymph nodes after the prime immunization. B) Specific lysis of NP-gp-peptide-pulsed
splenocytes in spleens after the prime immunization.
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4.3 The influenza A virus model
4.3.1

Capacity of mRNA vaccine to induce humoral response against
hemagglutinin (HA)

From the results of our previous experiment, clearly demonstrating the potential of mRNA
vaccines to stimulate T cells, we set to further explore:
1) whether intranodal immunization with mRNA can induce humoral response
against influenza, and
2) whether these responses could be increased by tested adjuvants (TriMix, DiMix
and flagellin).
Of all tested adjuvants flagellin contributed the most to the IgG1 and IgG2a humoral immune
responses to HA mRNA vaccination. Notably, in the group of mice that were injected with
a combination of HA and DiMix mRNAs, the level of both monitored subclasses of IgG
antibodies was found to be comparable to that detected in the HA and flagellin mRNAs
vaccinated- group. Even the truncated nerve growth factor (tNGFR), which was primarily
added in our experimental setting as a control, was able to induce better IgG responses than
the TriMix, which actually possessed the lowest stimulating potency in generation of antiHA IgG1 and IgG2a antibodies (Fig. 11A, B).
Upon closer examination of titers of IgG antibodies, generated from the 1st to 11th week after
the last immunization, the integrity of both titers, i.e. IgG1 and IgG2a, remained similar
throughout the follow-up period. However, the anti-HA IgG1 responses turned out to be
higher than the anti-HA IgG2a ones. To sum-up, flagellin and DiMix proved to be the most
potent of adjuvants throughout the whole period of observation (Fig. 11C, D).
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Figure 11: Humoral immune responses against HA-encoded mRNA vaccine at the 1st week
following the 3rd immunization. BALB/c mice were immunized intranodally three times with
combinations of 37.5 µg of HA-encoded mRNA and 12.5 µg of each tested adjuvant-encoded
mRNA, or tNGFR as a control, per injection. As a negative control, a group of mice was injected
intranodally with the same final injection volume of Ringer lactate solution (the Sham group). To
monitor serum titers of anti-HA IgG1 and IgG2a antibodies, blood was taken from differently treated
mice retroorbitaly in weeks 1, 2, 4, 6 and 11, following the last immunization. The kinetic study was
performed with appropriate ELISA Assay. (A) Mean absorbances measured at 450 nm,
representing anti-HA IgG1 titers in serial dilutions of sera taken at 1st week after the last
immunization. (B) Mean absorbances measured at 450 nm, representing anti-HA IgG2a titers
in serial dilutions of sera taken at 1st week after the last immunization. There were 4 mice in
each experimental group, except for the Sham group, where only 2 mice served as negative controls.
The serial dilutions started at 1/100 with subsequent 7 3-time dilutions. (C) Kinetic monitoring of
IgG1 titers in sera of experimental mice, sampled during the period from the 1st to 11th week
after the third immunization. Each line and symbol represents the mean titer of mice within a
particular group. (D) Kinetic monitoring of IgG1 titers in sera of experimental animals, sampled
during the period from the 1st to 11th after the third immunization. Each line and symbol
represents the mean titer of mice within a particular group.
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4.3.2

Potency of different co-stimulatory molecules to induce humoral responses
upon HA mRNA immunization

Further experiments were conducted to examine the influences of individual mRNAencoded co-stimulatory molecules on the humoral immune response to HA mRNA
vaccination. Additionally, according to the review of adjuvant capacities of flagellin, we
decided to explore its combinations with other selected adjuvants. These were formulated in
a way to maintain equivalent concentrations of all components.
In terms of IgG1 and IgG2a anti-HA responses, significant differences were observed within
the groups of animals treated with different adjuvant combinations. Higher titers of both,
anti-HA IgG1 and anti-HA IgG2a antibodies, were determined in groups that were treated
with tNGFR and flagellin encoded mRNAs as adjuvants. In contrast, lower titers were
observed in animals which were vaccinated with a combination the HA + CD40L + CD70
mRNAs. No significant impact was observed on the increase of IgG antibodies against HA
when TriMix mRNA was applied as the adjuvant. In general, the inclusion of flagellin
mRNA in combinations of other mRNA-encoded adjuvants increased titers of IgG1 and
IgG2a antibodies in comparison to those defined in groups of mice that were injected with
different combinations of HA mRNA and mRNAs encoding individual adjuvants (Fig. 12).
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Figure 12: Potencies of different adjuvant molecules on IgG1 and IgG2a humoral responses
against the HA antigen. BALB/c mice were immunized intranodally for three consecutive times
with 37.5 µg of HA mRNA and 12.5 µg of mRNA encoding a particular adjuvant (equal parts of all
components), per injection. As a negative control, a group of mice was injected intranodally with
vehicle only (the Sham group). At the 1st and 4th week following the last immunization blood was
taken from mice retroorbitaly. ELISA Assay was used for measurement of of IgG titers. (A) AntiHA IgG1 antibodies titers defined in serum samples taken at the 4th week following the 3rd
intranodal vaccination. (B) Anti-HA IgG2a antibodies titers defined in serum samples taken at
the 4th week following the 3rd intranodal vaccination. Each group of mice (n=6) received HA
mRNA in combination with different adjuvant/co-stimulatory molecule encoded mRNAs.
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5

DISCUSSION

Despite the fact, that cART has significantly reduced the morbidity and mortality of HIV-1
infected patients, new HIV-1 infections and AIDS-related deaths worldwide still remain a
serious concern. Also, regardless of the efficacy and safety of prophylactic influenza
vaccines on the market, their annual modifications are required to provide protection against
the next mutational variant of the virus. Namely, influenza vaccines are manufactured based
on predictions of the next most probable circulating virus strain, due to the extensive
production lead time. Therefore, there is a pressing need for the development of new efficient
anti-HIV-1 and influenza vaccines. The main goal of our work was to demonstrate the
feasibility of intranodal injections of mRNAs encoding different viral antigens in
combinations with mRNAs coding for various immunoregulatory molecules that would
enhance antigen-specific cellular and humoral immune responses.

5.1 The HIV-1 mouse model
First, we evaluated in vivo immunogenicity of different formulations of mRNA vaccines,
namely those with TriMix mRNA alone or combined with HIVACAT mRNA, by measuring
the percentages of antigen-specific lysis of target cells in LN and spleen. As expected,
increased in vivo cytotoxicity was observed in LNs of all mice being immunized with
HIVACAT mRNA construct. Although differences in immune responses between the
groups of animals that received a combination of TriMix and HIVACAT mRNAs or
HIVACAT mRNA only were noticeable after the first two vaccine applications, they
diminished and became comparable after the third immunization. Therefore, it was clear that
TriMix mRNA enhanced the immunogenic potency of antigen following the first two
immunizations. When comparing in vivo antigen-specific cytotoxicity between LNs and
spleens, the latter were lower after the first and second vaccine application. Possibly, a
certain amount of time is required for activated T cells to reach the spleen and to fulfil their
immune functions. The cytotoxic immune response was however higher after the third
immunization in the spleens, as compared to the corresponding reaction in LNs. This could
be attributed to higher number of different cell populations present in spleen, compared to
LN. Therefore, we can conclude that the systemic immune effect was reached after the third
immunization.
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IFN-γ is an important indicator of activated immune responses against viral infections.
Therefore we used it to evaluate the T cell immune activation against antigens that were
contained in tested vaccines. The same groups of animals as in the previous experiment (in
vivo cytotoxic responses) were used. No significant differences in the produced amounts of
IFN-γ were observed between the HIVACAT alone and the HIVACAT + TriMix groups,
which is in contrast to previously published results, demonstrating the increased capacity of
TAA electroporated DCs to induce CTL activation in the presence of the TriMix adjuvant
(74). We think that the reason for the observed outcome could be attributed to CD70, a
component of the TriMix. Namely, there is evidence that the prolonged expression of CD70
in HIV-infected patients, can lead to physical destruction of their spleens (75).
For more precise examination we decide to analyze the breadth and the magnitude of T cell
responses to different epitopes expressed on conserved regions of HIV-1 proteins, delivered
to experimental animals either via the HIVACAT mRNA or a combination of HIVACAT
and TriMix mRNAs. The results were comparable however the Nef region was an additional
target of immune response in animals vaccinated with a combination of HIVACAT and
TriMix mRNAs, which was not the case in a group receiving just HIVACAT mRNA. We
also found that Vif, Int and Nef peptide sequences were the most immunogenic.

5.2 The LCMV mouse model
To acknowledge novel aspects of immunity in HIV-1 infected patients, the LCMV murine
model has previously been proven as a relevant experimental tool. Both, HIV-1 and LCMV,
initially trigger productive T cell responses, but unfortunately these are unable to clear
infection, most likely due to the functional exhaustion of T cells (76). In order to monitor
immunogenicity of the two main LCMV proteins, i.e. NP an gp, different epitopes were
explored in their ability to trigger T cell activation. As expected, responses against specific
epitopes were observed in both groups of mice, receiving dual combinations of either TriMix
+ NP or TriMix + gp mRNAs. However, when a triple combination of TriMix + NP + gp
mRNAs was intranodally injected in a group experimental animals, we could observe
immune responses against all immunogenic epitopes of NP and gp regions. Notably, the
responses were lower, which was with a consequence of lower concentrations of NP and gp
antigens in the mixture, as compared to vaccines where they were applied individually. In
this particular experiment, gp33-41 was proved to be the immunodominant epitope. Its
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importance has already been demonstrated previously by Van der Most et al., showing, that
the CTL responses are prevalently generated against this particular epitope (77).
We performed in vivo CTL assays to assess CD8+ T cell activation, utilizing various
adjuvants-encoded mRNAs while holding their overall concentration constant across all
experimental groups of mice. It is important to note that the quantities of delivered antigens
in the groups of animals receiving antigen and particular adjuvant-encoded mRNAs were
lower, to maintain uniform concentrations. In the LNs, high percentages of antigen-specific
lysis of target cells were observed in all experimental groups. This could be attributed to
robust immunogenicity of both NP and gp proteins. No significant differences in CTL
responses were observed between groups. In animals which were immunized with NP and
gp mRNA (higher concentrations of antigens), similar immune responses were achieved as
in other experimental groups where mice were injected with both, antigens and particular
adjuvant-encoded mRNAs.
With respect to experiments in spleens, similar results were observed, as systemic responses
were detected already after the first immunization, once again demonstrating the superior
immunogenic potency of NP and gp in CD8+ T cell activation. Overall however, there were
some observable intra-group variations with respect to immune responses. A plausible
explanation for this could be the difficulty of precisely targeted intranodal injecting, as the
LNs of mice range from 1-3 mm and are difficult to access. The TriMix showed the most
robust adjuvant activity. Therefore, also according to results obtained within the HIV-1
model we can suggest that the TriMix contributed to higher antigen specific CD8+ T cell
immune responses following the first and second mRNA vaccine immunizations, but not
after the third one. The addition of flagellin mRNA into vaccine resulted in the lowest CTL
immunogenic responses. Previous studies showed similar results and concluded that
flagellin must be first fused to a specific antigen to be able to effectively promote CD8+ T
cell responses (78).

5.3 The influenza A mouse model
To further investigate applications of DC-targeted mRNA vaccinations, B cell responses
against mRNA-encoded HA antigen in combinations with various mRNA-encoded
adjuvants were assessed. By performing quantitative kinetic monitoring, the amounts of
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IgG1 and IgG2a antibodies against HA in mice sera were followed for 11 weeks after the
third immunization.
Already after the first week, it was evident that flagellin contributed to the highest IgG
responses. It has been previously shown that flagellin promotes strong antigen-specific
CD4+ T cell responses via a mechanism dependent on its direct stimulation of TLR5
expressing cells. Consequently, the activation of CD4+ T cells promotes strong humoral
immune responses, resulting in high levels of protective antibodies (79). Also, in a recent
study it was shown that TLR5 is also expressed on activated B cells in mice which can
therefore be directly targeted by this adjuvant, thereby promoting antibody responses (80).
We observed similar results as with the use of flagellin mRNA also in the DiMix adjuvant
mRNA injected group. When compared to the TriMix adjuvant-encoded mRNA receiving
group of mice, DiMix and flagellin-encoded mRNAs induced higher anti-HA IgG responses
throughout all 11 weeks, especially those of IgG2a antibodies. It has been shown that the
ligation of CD70, a component of the TriMix adjuvant, could suppress terminal
differentiation of mouse B lymphocytes and their subsequent immunoglobulin secretion
(49). As a control tNGFR mRNA was used to assure that the same amounts of mRNA was
present in all vaccine-injected groups of animals. Notably, the tNGFR and HA mRNAs
immunized mice showed higher anti-HA IgG responses when compared to the HA plus
TriMix mRNAs treated animals. This could be attributed to immunosupressive effects of
CD70 being expressed on activated mouse B cells (81). Also, it is possible that mRNA
possesses adjuvant activity by itself. Namely, it is well known that mRNA can bind to TLR7
and potentially also to TLR3 (42).
We found that throughout the whole observation period of 11 weeks all experimental groups
retained similar antibody titers, showing their long term immune protection. However, it
should be noted that varied responses were observed within individual animals per each
group.
Next, we assessed the impacts of different adjuvant molecules on humoral responses against
HA. Large differences in IgG antibody responses were observed within each experimental
group. This could be, as already noted previously, once again attributed to difficulties of
precise intranodal injecting. The TriMix and DiMix (CD40 and CD70) mRNA receiving
groups of mice had the lowest immune responses in terms of both, anti-HA IgG1 and IgG2a
titers. Again, this could be attributed to the presence of CD70 in both adjuvants, as discussed
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previously. Flagellin was consistently able to evoke high humoral anti-HA IgG1 and IgG2a
responses. The inter-group analyses, where the non-flagellin receiving groups were
compared to those which have received it, demonstrated the potentiated immunogenicity of
HA antigen in the presence of this adjuvant. The most notable increase was observed
between the mice that were injected with the dual combination of CD40-CD70 (DiMix) and
HA mRNAs and those immunized with the triple combination of CD40-CD70 (DiMix), HA
and flagellin mRNAs. This could be attributed to the decreased concentration of CD70 as a
potential immunosupressive agent within the triple vaccine, containing flagellin.

Our overall results show that the capability of intranodal mRNA vaccination of mice to
induce T and B cell responses against various viral antigens in immunized animals. The
TriMix adjuvant was able to stimulate CTL responses after the first and the second
immunization, but not after the third one. Flagelin, on the other hand was immunosupressing
anti-NP and gp CTL responses, but resulted as the superior adjuvant in stimulating anti-HA
IgG humoral responses.
In the future optimized prime-boost regimen with the TriMix adjuvant-encoded mRNA
should be tested. Also, other routes for mRNA administration should be explored to diminish
the observed intra-group variations. Next, virus challenge experiments should also be
performed in all three mouse models which could lead us closer to clinical studies of mRNAbased vaccines against HIV-1 and influenza virus A.
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6

CONCLUSION

Immunotherapy is being extensively researched, with the numbers of scientific papers
focused on infectious diseases steadily rising each year. But even though the existing
therapies of HIV-1 and influenza virus A infections are proving to be effective, the
emergency related to preventing and curing these deadly infections highlights the importance
of continuous development of tests for their early detection and more effective vaccines.
Based on the existing results, we demonstrated the feasibility and effectiveness of intranodal
mRNA vaccination in inducing T and B cell responses against various mRNA-encoded viral
antigens in three mice model (HIV-1, LCMV and influenza virus A). We explored the
following
1. T cell mediated responses using mRNA vaccine platform
- In vivo antigen-specific CD8+ T cell cytotoxicity was observed in both, lymph nodes
(LNs) and spleens against the mRNA-encoded HIVACAT antigenic construct, with
its delayed onset in spleens.
- The TriMix-encoded mRNA increased the potency of CTL responses against
HIVACAT after the first and second immunization in both, LNs and spleens, while
after the third one, the difference became less evident.
- By comparing immunogenicities of HIV-1 conserved regions contained within in the
HIVACAT construct we did not find any significant differences in magnitude and
breadth immune responses.
- In LCMV mouse model antigenic NP and gp proteins were found to be very
immunogenic, as they were able to evoke strong antigen-specific CTL responses.
- The TriMix had the highest positive impact on T cell activation comparing to the other
two adjuvants (DiMix and flagellin) tested. We also observed an immunosuppressive
effect of flagellin.

2. Humoral responses using mRNA vaccine platform
- B cell responses against HA antigen in HA mRNA vaccinated animals were observed,
using influenza A mouse model.
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- Among the three tested adjuvants, flagellin was the most consistent in its capacity of
strongly inducing humoral anti- HA IgG responses.
- The TriMix had the lowest impact on the anti-HA IgG1 and IgG2a antibody production
and secretion.
- The mRNA-encoded adjuvants which included CD70 molecules (TriMix and DiMix)
proved to be immunosuppressive to anti-HA humoral responses.
Overall, our study represents a small addition to the vast research that has been done in
vaccine immunotherapy. In the future, optimizing prime-boost regimen with TriMix should
be the next step, as well as finding another route for mRNA administration to diminish the
possibility of observing intra-group variation. Finally, virus challenge experiments should
be done in all three mouse models for further clinical studies against HIV-1 and Influenza
virus A.
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