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I. Vaccination History

According to the world health organization (WHO), vaccines save 2-3 million lives every year and are considered the second cost-effective public health intervention after the use of clean water.

Variolation

The history of vaccination started a long time ago with an attenuated smallpox virus, called variolation. The variolation consisted in the inoculation of fluid from pustules or powder from smallpox scabs. This inoculation generated a mild but protective infection against smallpox.

The origin of variolation is discussed between China and India, the first written report documented its used in China in 1549 with its benefits and used the method with her son in 1718. In 1721, When she came back to England, she successfully variolated her own 4 years old daughter in the presence of physicians of the royal court. Later, Sergio Linares Fernández variolization was also proven in six imprisoners that were challenged with the virus. The royal family helped to promote variolation in England after these positive results.

However, this first attempt of immunization based on variolization was far from being safe (Figure 1), and it was not extremely strange that variolated people succumbed to the disease. The most known example was the Prince Octavius the Great, who died at the age of 4 after being variolated in 1783 [START_REF] Baxby | A death from inoculated smallpox in the English Royal Family[END_REF] . A safer and more protective method, vaccination, was invented a couple of decades later by Edward Jenner 4 . The Figure 1 

From The First Vaccine Up To Date a) The basic principles of vaccination

The results of passing a natural infection can vary depending on the infectious disease agent and the immunological status of the host. As a result, the consequences of the infection may range from asymptomatic infection to a mild transitory effect, or long-lasting sequels, and ending up even in death.

During this first host-pathogen encounter a primary immune response is generated, where the host adaptative immune learn how to recognize and eliminate the pathogen. This encounter is useful to generate a "memory" that will provide an advantage to the immune system for future encounters (or secondary immune response). Therefore, the principle of vaccination is to generate a primary immune response in a safer and more controlled environment than natural infection, to provide the advantage of the immune memory that will help in a real infection. For this training, the adaptative immune system is exposed to certain parts (called antigens) of the infectious agent. Depending on the vaccination platform, the antigens can be presented to the adaptative immune system differently Table 1. The selection of the adequate vaccination platform and antigen impact the safety, duration, potency and efficacy of the protection and should tailored accordingly with the pathogens and the protective immune response. Sergio Linares Fernández In this section, we will overview the achievements and the history of vaccination, from its origin to the use of computer science in the development of new vaccine candidates.

b) The Origin of Vaccination

Edward Jenner was a British physician who realized that milkmaids were frequently immune to smallpox. After a more deeply observation, Jenner noted that this immunity was conferred from the cow's pustules, which suffered cowpox. After this observation, Jenner decided to try the first Sergio Linares Fernández vaccine on James Phipps, the 14 th of May 1796 Figure 2, from the blisters of the milkmaid suffering cowpox Sarah Nelmes, an event that changed the course of humankind. Jenner coined the term vaccine from the word cow (Vacca:Vaccinus:Vaccine), and he also demonstrated that vaccination could be carried from human-to-human and not directly from the cow and set the instructions in his letter "Instructions for vaccine inoculation". Interestingly, recent genetics analysis points out that the older smallpox vaccines are more related to horsepox 5 family than to the cowpox. 

c) Balmi's Expedition: Arrival to The New World

A Spanish doctor, Francisco Javier Balmis, initiated in 1803 with the Spanish crowd's support the first international health expedition in history. Balmis had suffered the consequences of smallpox years ago with the loss of his daughter, and therefore he was encouraged to make it widely available.

For this purpose, Balmis selected 22 unexposed orphans with a range of age between 3-9 years old to inoculate the virus one by one to have fresh pustules at the end of the trip. The original Balmi's expedition lasted for three years and was able to bring the Jenner's vaccine to the colonies of north and south America, Philippines and Macao Figure 3. Sergio Linares Fernández 12). Original illustration from [START_REF] Bennett | War Against Smallpox: Edward Jenner and the Global Spread of Vaccination[END_REF] .

d) Louis Pasteur and The Attenuation of Rabies

Smallpox would be the unique vaccine available for the next 100 years, until the era of microbiology started to bloom and defeat the spontaneous generation. Louis Pasteur was able to have axenic microbial cultures in 1860 and he would finally defeat the spontaneous generation in 1864 with the pasteurization and the conclusion Omne vivum ex vivo (everything alive come from life).

Pasteur would be in charge of producing the second vaccine in the history, the rabies vaccine after attenuating the virus in rabbits in 1885 (Figure 4). During that time the microbiology revolution was unstoppable, Sergio Linares Fernández Robert Koch published his postulates in 1884 and refined them in 1890.

Many other scientists contributed set up the basic principles of microbiology and immunology, and their contributions helped to develop empirically many others vaccines in the first half of the XX century. 

e) Killed Vaccines

The next revolution in vaccinology was carried out with the development of killed (inactivated) vaccines. For example, between 1895 and 1896 three more killed vaccines were added to fight typhoid fever (discovered by Almroth Edward Wright, Richard Pfeiffer y Wilhelm Kolle), cholera (discovered by Jaime Ferrán) and plague (Alexandre Yersin). Sergio Linares Fernández

f) Toxoid Vaccines and Adjuvants

We did not have to wait to long for the development of the next platform.

Shibasaburo Kitasato and Emil Adolf von Behring discovered in 1890 that the administration of serum from animals immunized by toxin to nonimmune animals induces their protection. This new approach was called the anti-toxin and serum therapy, and is known today as passive immunization.

The advances helped to create new types of vaccines based on toxins. In the 1920s, Gaston Ramon worked in the inactivation of diphtheria toxins with formaldehyde, depleting their toxicity and keeping their immunogenicity Figure 5. 

The Great Race of Mercy

The importance of use of antitoxin serum was critical to decrease the mortality among children. This new revolution facilitated the generation of new vaccines against polio (Salk and Sabin), rubella, mumps and varicella.

i) Polysaccharide vaccines and conjugated vaccines

Past the 70s, the use of polysaccharides as antigens helped to develop vaccines against meningococcus (1974), pneumococcus (1977) and

Haemophilus influenzae (1984). The use of polysaccharides conjugated to carrier proteins provided a long-lasting immunity thank the T helper cells' contribution to activate B cells. This concept was proved to be a success against the H. influenzae type b in 1987.

j) Recombinant and adjuvant systems

The revolution in molecular biology also influenced the development of recombinant vaccines since the late 80s, with the success in 1987 of the first recombinant vaccine based on the surface protein of the hepatitis.

This protein expressed in yeast also provided the first virus-like particle (VLP) vaccine of history.

At that time the development of a protective vaccine against HIV or malaria had fail. The use of traditional adjuvants was not enough to rise a potent and protective immune response. The concept of adjuvant system (AS) was born [START_REF] Garçon | From discovery to licensure, the Adjuvant System story[END_REF] to overcome this issue. Adjuvant systems are based on the synergic use of several adjuvants, seeking to empower the immune response while decreasing the reactogenicity. At the beginning of this Sergio Linares Fernández 1959 [START_REF] Zhu | An African HIV-1 sequence from 1959 and implications for the origin of the epidemic[END_REF] , and in Kinshasa as early as 1920s [START_REF] Faria | The early spread and epidemic ignition of HIV-1 in human populations[END_REF] . HIV has a zoonotic origin, and although it is not clear how the virus jumped from non-human primates (NHP) to humans, we know that HIV-1 came from Pan troglodytes troglodytes and HIV-2 from Cercocebus atys [START_REF] Gao | Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes[END_REF] .

b) The HIV Life Cycle

HIV is transmitted by sexual intercourse or blood-to-blood transmission, including sharing syringes among drug users and blood transfusions. The HIV infection is very complex; thus, there is still not an efficacious vaccine, nor a curative treatment in more than 30 years of research. Also, there is no natural recovery of the disease, and only two Sergio Linares Fernández people have been officially cured of HIV, the patient berlin and the recently patient London, both with heterologous bone marrow transplant from donors carrying the CCR5Δ32 mutation [START_REF] Li | Advances toward a cure for HIV: getting beyond n=2[END_REF] .

The HIV life cycle (video) is presented in Figure 9. The infection of HIV (reviewed by Deeks et al. 17 

c) HIV Infection

Understanding the mechanism of infection is critical for the development of preventive and curative treatments. During a typical HIV infection [START_REF] Deeks | HIV infection[END_REF] , the virus enters through the mucosa tissue infecting the CD4+ T cells, located there. Subsequently, the infected cells migrate and spread the infection through the lymph system. This early phase is called eclipse and typically last around three weeks since the origin of the infection. The eclipse phase is characterized by a number of events, such as a solid interferon response, the establishment of the viral reservoir, the depletion of the gut-associated lymphoid tissue and the beginning of exponential Sergio Linares Fernández drop of CD4+ T cells counts in blood. The acute phase follows the eclipse phase as the second phase of the infection. Acute phase starts normally at the 3rd week and ends around the 9th week post-infection. During the acute phase, the virus begins to be detectable in blood while the HIV RNA copies reach a maximum peak level in blood. Moreover, the CD4+ T cell counts drop drastically before they partially recover. During the acute phase it is also when the humoral and cellular immune responses start to be present. Immune Evasion: Apart from its diversity, HIV has different mechanisms of immune evasion. First, the envelope protein is highly glycosylated, which confers a protective shield against the antibodies [START_REF] Wei | Antibody neutralization and escape by HIV-1[END_REF][START_REF] West | Structural Insights on the Role of Antibodies in HIV-1 Vaccine and Therapy[END_REF] .

Moreover, the envelope has different prefusion and post-fusion states, limiting the exposure time to the immune system of critical epitopes, such as the CD4 binding domain (CD4bd) or the Membrane proximal external region (MPER), until their binding to their receptors. Furthermore, HIV can escape the immune system by limiting its presence in the extracellular space using the immune synapse mechanism for a cell to cell transmission between T-cells and antigen presenting cells (APCs) [START_REF] Felts | 3D visualization of HIV transfer at the virological synapse between dendritic cells and T cells[END_REF] . Finally, but not least important, it is the presence of a dormant or latent HIV provirus. These Sergio Linares Fernández "dormant" proviruses are resistant to the antiretroviral treatment, being their reactivation the reason of the viral rebound after stopping the antiretroviral therapy, hindering HIV treatment and cure [START_REF] Debyser | Insight in HIV Integration Site Selection Provides a Block-and-Lock Strategy for a Functional Cure of HIV Infection[END_REF] .

e) Epidemiology

It is essential to understand the HIV epidemiology to identify the more vulnerable populations, to address these vulnerabilities and decrease viral transmissions. For example, we can reduce from 30% to around 1% the vertical transmission, from mother to child, when the woman is under anti-retroviral therapy (ART).

Populations at greatest risk of HIV infections include homosexual men, intravenous drug users, sex workers, transgender people, imprisoners and the vertical transmission from mother to child. Increasing access to treatments, preventive drugs, diagnosis, and information is key to decreasing the disease burden.

Like many other communicable diseases, HIV is not spread equitably around the different geographical regions (https://aidsinfo.unaids.org/). The higher burden is located in low middleincome countries (LMIC), especially in the Africa region, followed by Southeast Asia and the Americas (Figure 12). It is crucial to fully understand 56 Sergio Linares Fernández the cultural and population needs for adequately implementing any HIV programme, whether for treatment, prevention, diagnosis, or education. For example, nucleoside reverse transcriptase inhibitors and nonnucleoside reverse transcriptase inhibitors can block reverse transcription.

The Integrase strand transfer inhibitors avoid the integration of HIV into the human genome. Protease inhibitors avoid the release of mature virions, and finally, entry inhibitors that avoid the infection.

A breakthrough in HIV control was the use of the highly active antiretroviral treatment (HAART) (First used in 1996), which consists of a cocktail of two or more antiretroviral drugs, targeting different viral life cycle pathways that are often administered by daily pills. The more significant hurdle in ART therapy is the patient's compliance with a daily basis treatment. The Food and Drug Administration (FDA) and European Medicines Agency (EMA) recently approved a long-lasting ART on 2020. This 1-month injectable will likely help with the ART compliance among specific populations.

Post Exposure prophylaxis (PEP):

The use of ART as soon as possible after the viral exposure can reduce the risk of infection and the disease severity. Although no clinical trials have been performed in this matter, the drugs should be taken not later than 72 hours and for 4 weeks. If the HIV Sergio Linares Fernández profile is known (like antiretroviral resistance, viral charge…), it can help to decide which ART is given.

Pre-exposure prophylaxis (PreP): The use of antiretroviral drugs (PreP) in individuals with a high risk of HIV infection can decreased HIV acquisition by 86% in men who have sex with men and by 76% in heterosexual serodiscordant couples (one is infected and the other is healthy). Since there is not an effective prophylactic vaccine yet, apart from the use of condoms and avoid high-risk sexual interactions, PreP is an exceptional preventive measure. Sergio Linares Fernández

Vaccines Attempts Against HIV

Different attempts to develop an effective vaccine to control and eradicate the pandemic have been made in the last 35 years Table 2.

Research on HIV has led to the innovation of new vaccination technologies and a more deeply understanding of the immune system.

Vaccination strategies against HIV can be divided into two big groups, therapeutics and prophylactics.

Therapeutic vaccines aim to reduce the viral load without using ART, and ultimately to find a cure by depleting the HIV proviral reservoir.

Prophylactic vaccines aim to protect healthy individuals from HIV acquisition.

The design of therapeutic and prophylactic vaccines is very different.

Prophylactic and therapeutic vaccines tailor different populations (healthy and infected, respectively) with a very different objective and expected immune response (prevention, cure). On going 2020

We will review more profoundly the lesson learns over more than three decades, and several clinical trials (Figure 13) of different prophylactic vaccines [START_REF] Ng'uni | Major Scientific Hurdles in HIV Vaccine Development: Historical Perspective and Future Directions[END_REF] . Sergio Linares Fernández Therefore, as a summary, potent, robust, cross-clade humoral response can help to prevent the acquisition of HIV at early stages, while a potent local cellular immune response may help to eliminate the establishment of the viral reservoirs.

First Generation-Neutralizing Antibodies

Soon after discovering HIV as the causal agent of AIDS, the hope to develop a vaccine within 2-3 years was high. Of course, barely was known about this new virus and its interaction with human host.

The first round of vaccines aimed to achieve neutralizing antibodies, and most of the designs were based on the envelope protein.

a) Vaccines Based on Recombinant Envelopes:

The success of the hepatitis B vaccine approved in1981 by the FDA, put much hope in developing an effective and safe recombinant vaccine for HIV. VaxSyn (1988) was the first vaccine candidate entering clinical trials [START_REF] Merz | HIV Vaccine Approved for Clinical Trials[END_REF] . VaxSyn based on a recombinant gp160 produced in baculovirus.

This first attempt was able to produce binding antibodies but not significant neutralizing antibodies 27 . Sergio Linares Fernández AIDSVAX 1998: this was the first vaccine to enter efficacy trials [START_REF] Francis | Advancing AIDSVAX to phase 3. Safety, immunogenicity, and plans for phase 3[END_REF] . It was a gp120 based antigen produced by VaxGen. The vaccine was redesigned to contain gp120 recombinant proteins derived from CCR5 and CXCR4 HIV strains, with AIDSVAX B/B for the North American trial and AIDSVAX B/E for the Thai. In 2003, the vaccine reported to confer no protection [START_REF] &na | HIV gp120 Vaccine ??? VaxGen: AIDSVAX???, AIDSVAX??? B/B, AIDSVAX??? B/E, HIV gp120 Vaccine ??? Genentech, HIV gp120 Vaccine AIDSVAX ??? VaxGen, HIV Vaccine AIDSVAX ??? VaxGen[END_REF] . 

b) Vaccines

c) Combine and Conquer?

The use of HIVAC-1e and VaxSyn separately produced a suboptimal immune response. Therefore, in 1991, the scientific community decided to combine them by priming with HIVAC-1e and boosting with VaxSyn.

Although this combination showed promising results, such as the Sergio Linares Fernández generation of neutralizing antibodies, some efficacy have arisen with people vaccinated against smallpox [START_REF] Graham | Clinical Trials of AIDS Vaccines in Seronegative Volunteers: Vectors and Combinations[END_REF] .

d) Overcoming the Pre-existing Immunity

These results of HIVAC-1/ VaxSyn showed strong immune responses in vaccinia seronegative individuals [START_REF] Graham | Clinical Trials of AIDS Vaccines in Seronegative Volunteers: Vectors and Combinations[END_REF] . The lack of results in vaccinia seropositive individuals may be most likely due to the pre-existing immunity [START_REF] Saxena | Pre-existing immunity against vaccine vectors -friend or foe?[END_REF] against the vaccinia vector. These new vectors were a genetically engineered non-replicating vaccinia virus (NYVAC) or the canary poxvirus (ALVAC) [START_REF] Ng'uni | Major Scientific Hurdles in HIV Vaccine Development: Historical Perspective and Future Directions[END_REF] .

The first vaccine regime using ALVAC as a vector was based on a priming injection of ALVAC encoding the gp160 and a boost with an adjuvanted recombinant gp160. The results showed a good level of neutralizing antibodies and an increase of cytotoxic T lymphocytes (CTL)

responses.

e) Targeting Specific Regions of the Envelope Protein

In 1993, a new strategy to induce neutralizing antibodies targeted the V3 region of envelope protein by using peptides sequences. The V3 loop region was earlier identified as an antibody-neutralization target.

Vaccine design was based on octameric V3 region peptides and was able to produce strain-specific neutralizing antibodies [START_REF] Kelleher | Safety and Immunogenicity of UBI HIV-1 MN Octameric V3 Peptide Vaccine Administered by Subcutaneous Injection[END_REF] . Sergio Linares Fernández

f) Whole Inactivated

Jonas Salk proposed the use of a whole inactivated viral vaccine in 1996, called Remune. However, the clinical trials were stopped in 1998 due to the lack of results [START_REF] Lai | Immune Response[END_REF] .

g) Live Attenuated

A life attenuated HIV was first considered due to initials results in monkeys (deletion in nef) that did not progress to AIDS and were protected against wild-type SIV challenges. This vaccine design was also encouraged from the Sydney blood blank cohort, where eight individuals infected with an HIV strain (deletion in nef) did not progress to AIDS.

However, later studies in non-human primates showed that SIV nef deletion mutants could lead to AIDS in adult and infant monkeys, making nef attenuation too risky to continue clinical trials [START_REF] Whitney | Live attenuated HIV vaccines: pitfalls and prospects[END_REF] . Sergio Linares Fernández

Second Generation-The CTL responses

During the middle of the 90s, CTL responses were associated with better 

Third Generation -Next generation

Based on the results of the RV144 trial, current vaccine guidelines against HIV are focused on the generation of broadly neutralizing antibodies (bNAbs). The antibodies generated may be able to neutralize Tier-2 HIV strains. Tier HIV classification is based on their neutralization grade, from easy (Tier-1) to complex neutralization (Tier-3) [START_REF] Montefiori | Neutralization tiers of HIV-1[END_REF] .

However, developing effective bNAbs is extremely difficult for several reasons. On average, potent bNAbs carry 40-110 mutations. Therefore several somatic hypermutation rounds are required [START_REF] Klein | Somatic Mutations of the Immunoglobulin Framework Are Generally Required for Broad and Potent HIV-1 Neutralization[END_REF] . Moreover, the mechanism of immune tolerance and peripheral anergy limit the activation of bNAbs B-cell precursors [START_REF] Mu | HIV mRNA Vaccines-Progress and Future Paths[END_REF] . Also, it is believed that high levels of different bNAbs are required at the time of exposure to limit HIV infection and integration into the human genome.

a) Animal Model

The perfect animal model in vaccine studies should comprise different characteristics from the scientific, application and ethical point of view to accelerate the vaccine development and translatability of the preclinical results to humans. From the scientific point of view an animal model should be able to develop similar symptoms, analogous mechanism of infection and an immune response comparable to the ones observed in humans, which can be properly evaluated in a challenge study. From the application point of view an animal model Sergio Linares Fernández should be affordable, have a low maintenance, high reproductive rates and easy to obtain. Finally, the animal model should be ethically justified and respecting the 3 R's of the higher standards of scientific research.

However, satisfy all the requirements is not always easy [START_REF] Gerdts | Use of animal models in the development of human vaccines[END_REF] .

In HIV, the use of mice can provide an ethical, fast, easy and affordable model to first evaluate the immune response. A recent study on mice demonstrated that they were capable to produce monoclonal antibodies against an epitope-based immunogen that neutralized the 31% of a cross-clade panel of 208-HIV strains [START_REF] Xu | Epitope-based vaccine design yields fusion peptide-directed antibodies that neutralize diverse strains of HIV-1[END_REF] . However, mice are usually not the most appropriate model to evaluate HIV vaccines. Standard mice strains are not infected by HIV (therefore cannot be challenged with HIV) and their immune system and immune response differ to the ones develop in Humans. For example, mice V-D-J regions are not enough variable to evaluate the production of bNAbs and thereupon mice are not a suitable model [START_REF] Mascola | HIV-1 neutralizing antibodies: understanding nature's pathways[END_REF] . New mice strains such as humanized mice [START_REF] Hatziioannou | Animal models for HIV/AIDS research[END_REF] and human IgG locus Knock in 50 have been developed to overcome these issues.

However, these genetically modified strains still do not completely resemble the human HIV infection in terms of immune response. Moreover, they lost the benefits of standard mice, since they cannot be bred and are costly. Others small rodents models, such as Rabbits (Which have a higher V-D-J diversity than mice) provide an affordable model, and are vastly used as an immunological proof of concept for the generation of bNAbs [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF][START_REF] Dubrovskaya | Vaccination with Glycan-Modified HIV NFL Envelope Trimer-Liposomes Elicits Broadly Neutralizing Antibodies to Multiple Sites of Vulnerability[END_REF][START_REF] Pollara | Bridging Vaccine-Induced HIV-1 Neutralizing and Effector Antibody Responses in Rabbit and Rhesus Macaque Animal Models[END_REF] . However, the major drawback is that they cannot be infected Sergio Linares Fernández with HIV and the immune response still diverge to the one observed in humans which limits the interpretation of the results obtained. NHPs is the more reliable model for HIV, first the immune system and specially the variability of the V-D-J regions (crucial to produce bNAbs) are similar to humans, second NHPs can be challenged with the related Simian immunodeficiency virus (SIV). Despite of having the most similar immune system, rhesus macaques shared a 93% homology in their IgG locus with humans and it is known that small changes in the germline can alter key contact sites [START_REF] Mascola | HIV-1 neutralizing antibodies: understanding nature's pathways[END_REF] . Thus, the results must also be interpreted with caution.

Finally, the ethical dilemma and the cost of NHPs studies are the primary obstacle of this model.

Due to the particularities of each model, it is wise to use each model to answer different questions and escalating from small rodents (proof of concept) to NHPs (challenge studies). Small rodents can be used to evaluate a first immunological proof of concept, beginning with mice and followed by rabbit. If positive results are met, NHPs studies can be perform to evaluate more deeply the immune response and production of neutralizing antibodies triggered by the vaccine, and then evaluate the vaccine efficacy by challenge studies.

b) Immunogen's Design:

A better understanding of how bNAbs are produced is fundamental for the design of new immunogens. Advances in immunology, HIV infection Sergio Linares Fernández 

c) Stabilized Trimers

The use of structural biology allowed to modify env trimer in its pre-fusion closed conformation state. BG505 SOSIP 664, also called SOSIP, is the most relevant engineered trimer based on gp140 [START_REF] Sanders | HIV-1 neutralizing antibodies induced by native-like envelope trimers[END_REF] and expresses multiple epitopes for broadly neutralizing antibodies while occludes the nonneutralizing antibodies [START_REF] Sanders | A Next-Generation Cleaved, Soluble HIV-1 Env Trimer, BG505 SOSIP.664 gp140, Expresses Multiple Epitopes for Broadly Neutralizing but Not Non-Neutralizing Antibodies[END_REF] . The name SOSIP comes from the covalent intersubunit disulfide bond (SOS) between gp120 and gp41 ectodomain subunits and the point substitution I559P (IP) that helps to stabilize the trimer in a closed conformation [START_REF] Ringe | SOS and IP Modifications Predominantly Affect the Yield but Not Other Properties of SOSIP.664 HIV-1 Env Glycoprotein Trimers[END_REF] of a clade A virus. This immunogen has been able to trigger tier-2 autologous NAbs in rabbits [START_REF] Sanders | HIV-1 neutralizing antibodies induced by native-like envelope trimers[END_REF] . New versions of SOSIP have been developed using the same stabilization strategy. The last versions of SOSIP, based on trimers from clade B viral founders of elite controllers, were able to provide heterologous cross neutralizing tier-2 antibodies in some vaccinated rabbits, when a trivalent combination (AMC008, AMC009 and AMC0011) of trimers was used [START_REF] Schorcht | Neutralizing Antibody Responses Induced by HIV-1 Envelope Glycoprotein SOSIP Trimers Derived from Elite Neutralizers[END_REF] . Sergio Linares Fernández VRC01-class B-cells (using in silico evaluation, random mutation to increase affinity and in vitro validation) [START_REF] Jardine | Rational HIV immunogen design to target specific germline B cell receptors[END_REF] .

Figure 15. Germline B-Cell immunogens for bNAbs production. A) A specific arrangement of B-cell's heavy and light chain generates specific Naïve germline B-cell. Some of them, after activation and several somatic hypermutations (SHM), will lead to the production of bNAbs B-cells. B) The Sergio Linares Fernández sequencing of single B-cell from bNAbs producers are used to identify the original naïve unmutated common ancestor (UCA) B-cell. The identification and production of UCA B cells is used to design and produce immunogens that activates and allow the clonal expansion of those B cells. C) The vaccination strategy using germline immunogens. For example, for VRC01-class B cell the immunogen eOD-GT8 is used allow the clonal expansion of the specific B-cell germline (VH1-2/ 5 amino acid CDR3

). Later, a second vaccination "shepherding" is used to guide the SHM to the bNAbs B-cell. Finally, the immune response is "polished" with another immunogen to produce finally the bNAbs B-cells functional clones.

The most advanced germline immunogen is the eOD-GT8 60mer. This This technology provided promising results in NHPs demonstrating 94% protection per exposure and 66% complete protection using adenovirus 26 as delivery vector of the mosaic antigen boosted with gp140 [START_REF] Barouch | Evaluation of a mosaic HIV-1 vaccine in a multicentre, randomised, double-blind, placebo-controlled, phase 1/2a clinical trial (APPROACH) and in rhesus monkeys (NHP 13-19)[END_REF] . This strategy is currently tested in phase III clinical trials (HVTN 705 and HVTN 706) and the efficacy results are expected for 2023.

f) Nanoparticles

The use of nanoparticle for HIV vaccination has been recently reviewed [START_REF] Thalhauser | Critical design criteria for engineering a nanoparticulate HIV-1 vaccine[END_REF] .

During the nanoparticle design, many parameters have to be tailored for an optimal immune response, including:

Particle size and composition: An adequate particle size can enhance cellular uptake and trafficking to the draining lymph node. Moreover, particles have to be composed of non-toxic and biocompatible material. 

Env protein density:

Env attachment:

The linkage of the env protein to the particle is also essential. On one side, a stable covalent link can assure the presence of the env in the particle. On the other side, non-covalent interactions can release the env protein in the formulation after injection.

Once formulated and adequately designed, nanoparticle vaccines have numerous advantages, like increased B-cell and T-cell immune response and a higher presence in the draining lymph nodes. The AMP proof of concept of VRC01 showed a preliminary efficacy of 75% among the strains susceptible in both studies. However, both AMP trials failed to protect against HIV acquisition due to only 30% of the circulating strains were sensitive to VRC01. The data gathered emphasized the need to use a combination of more than one bNAbs to broaden the protection and the need to increase the half-life of antibodies used for prevention. [START_REF]Most advanced clinical trials testing broadly neutralizing antibody against HIV demonstrate efficacy against sensitive strains[END_REF] Sergio Linares Fernández 

b) Historical Events and Key Milestones of mRNA Vaccines

The licensing under emergency use of two mRNA vaccines against COVID-19 is the result of more than two decades of research on nucleic Sergio Linares Fernández acids. Here, we will briefly discuss some important milestones and events that helped the development of mRNA as a vaccine platform, hoping to provide a better understanding of mRNA vaccines to the reader before discussing more profoundly in the subsequent sections.

Sequence stabilization: The optimization and stabilization of mRNA sequences was the research priority during first decade in order to optimize and increase the protein expression.

Fail and safety concern of DNA vaccines: The use of DNA and RNA as a vaccination platform were conceived almost simultaneously in time.

However, the easier production and the higher stability of DNA prioritized its use over RNA. The first studies of DNA vaccines in small rodents demonstrated promising immunogenicity, that lastly could not be translated into humans. Also, the theoretical mutagenesis due to the integration into the human genome posed some safety concerns. The failure of DNA vaccines opened the door of RNA vaccine research, that could induce protein expression in an independent cell cycle and were considered safer that DNA. 

Decrease

c) The potential of mRNA in vaccinology.

The mechanism of action of mRNA vaccines is very simple (explanation included in the Figure 18). The self-adjuvant properties of mRNA help to trigger the immune response, and at the same time is responsible of its reactogenicity (This will be explaining more deeply in the next section). Moreover, the use of mRNA can not only set a new era on Sergio Linares Fernández vaccinology but also in the use of adjuvants. This technology will allow the use of encoded cytokines and chemokines to obtain the desired immune response and cell trafficking. The antigens can be expressed in the adequate cellular compartments, cytoplasmic membrane or even being secreted to achieve a more potent humoral immune response. New set of antigens can be generated by the fusion of other proteins, such as selfassembly proteins for a multimeric antigen display. Finally, we can imagine a future with "smart" vaccines, where the antigen production and encoded cytokines and chemokines can be fully controlled with the used of synthetic biology [START_REF] Andries | Synthetic biology devices and circuits for RNA-based 'smart vaccines': a propositional review[END_REF] . 
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mRNA Delivery Systems

The selection of an adequate delivery system is critical for the efficacy of mRNA therapeutics. mRNA is 3-4 larger than any molecule that can spontaneously diffuse the cytoplasmic membrane. Moreover, mRNAs molecules are negatively charged and repulsed by the cytoplasmic membrane. As a result, out of 10.000 mRNA molecules only one will enter into the cytoplasm by diffusion without a delivery system. Furthermore, the half-life of mRNA molecules is around 7 hours, and these molecules are susceptible to degradation by intracellular and extracellular RNases.

Therefore, mRNA delivery systems have to provide 1) successful delivery into the cytoplasm for mRNA translation, including endosomal escape, 2)

protect the mRNA from extracellular RNases, 3) being affordable, scalable, biocompatible and reproducible.

The vast research on different delivery systems, such as polymers (i.e.

PLA [START_REF] Coolen | Poly(lactic acid) nanoparticles and cell-penetrating peptide potentiate mRNA-based vaccine expression in dendritic cells triggering their activation[END_REF] , PLGA [START_REF] Sharifnia | In-vitro Transcribed mRNA Delivery Using PLGA/PEI Nanoparticles into Human Monocyte-derived Dendritic Cells[END_REF] , PEI [START_REF] Démoulins | Self-replicating RNA vaccine functionality modulated by finetuning of polyplex delivery vehicle structure[END_REF] ), proteins (Protamine and Cell penetrating peptides [START_REF] Bell | mRNA transfection by a Xentry-protamine cell-penetrating peptide is enhanced by TLR antagonist E6446[END_REF] ), liposomes [START_REF] Pichon | Mannosylated and Histidylated LPR Technology for Vaccination with Tumor Antigen mRNA[END_REF] or hybrid particles [START_REF] Ayad | LipoParticles: Lipid-Coated PLA Nanoparticles Enhanced In Vitro mRNA Transfection Compared to Liposomes[END_REF][START_REF] Siewert | Hybrid Biopolymer and Lipid Nanoparticles with Improved Transfection Efficacy for mRNA[END_REF] , highlight the importance of an adequate delivery system for the success of mRNA therapeutics. Here, we focused in the current gold standard for mRNA delivery, LNPs or lipid nanoparticles. The aim of this section is to understand the rational use of each component inside of LNPs and their formulation procedure. Sergio Linares Fernández

Lipid Nanoparticles (LNPs) as mRNA Delivery Platform

LNPs are usually composed by the mRNA plus 4 lipidic components, each of them performing a specific function inside the formulation. These four lipid components are the ionizable lipid, the helper lipid, the cholesterol, and the PEG lipid.

a) Ionizable Lipids

The ionizable lipids play a critical role inside the LNPs. These lipids are neutrally charged at physiological pH, however when the pH decrease, they become positively charged. This particularity allows an efficient encapsulation efficiency, minimized the toxicity compared to cationic lipids and allows an efficient endosomal escape.

The acid-based dissociation constant (pKa) is the most critical feature of ionizable lipids and is directly linked to their potency. One study on siRNA demonstrated that ionizable lipids with pKas between 6.2-6.5

(Figure 19A) provided optimal transfection efficiency in vivo after intravenous administration [START_REF] Cullis | Lipid Nanoparticle Systems for Enabling Gene Therapies[END_REF] . Moreover, another study demonstrated that ionizable lipids with higher pKas with a range 6.6-6.9 (Figure 19B) showed the best immunogenicity after intramuscular injection of modified IVT mRNAs [START_REF] Hassett | Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines[END_REF] . The last study also showed that some lipids exhibit optimal transfection by intramuscular administration and no activity by intravenous administration, pointing out the importance of the site of injection during formulation development. Sergio Linares Fernández Another important feature in the ionizable lipids is its "shape". The conical shape generates hexagonal phase (HII), important for the endosomal escape or cargo release. The cylindrical lipid shape results in stable bilayers important for the stabilization of the LNPs, and the inverted cone lipid shape produces micelles [START_REF] Sych | Lipid self-assembly and lectin-induced reorganization of the plasma membrane[END_REF] . Ionizable lipids interact with helper lipids after the protonation inside the endosome, this interaction results in a conical shape and hexagonal phase (HII) supramolecular structures inside the endosomes, helping to release the cargo in the cytoplasm.

Moreover, a new set of ionizable lipids, called iPhos, contain one pHswitchable zwitterion and three hydrophobic tails. These lipids are able to change from a cylindrical shape to a cone shape inside the endosome, facilitating the endosomal escape [START_REF] Liu | Membrane-destabilizing ionizable phospholipids for organ-selective mRNA delivery and CRISPR-Cas gene editing[END_REF] . The gold standard ionizable lipids is Sergio Linares Fernández 

b) Helper Lipids

The use of phospholipids or "helper lipids" in LNPs formulation can improve the encapsulation, endosomal scape and particle stability. The adequate selection of ionizable lipids-helper lipids pairs affect each parameter in different ways. The use of cylindrical shape helper lipids Sergio Linares Fernández favours the stability of the LNPs, meanwhile cone shaped helper lipids support the endosomal escape [START_REF] Cheng | The role of helper lipids in lipid nanoparticles (LNPs) designed for oligonucleotide delivery[END_REF] . For example the use of DOPE, which has a conical shape, facilitates the formation of hexagonal HII shapes and endosomal escape [START_REF] Mok | Stabilized plasmid-lipid particles: factors influencing plasmid entrapment and transfection properties[END_REF][START_REF] Farhood | The role of dioleoyl phosphatidylethanolamine in cationic liposome mediated gene transfer[END_REF][START_REF] Hafez | Roles of lipid polymorphism in intracellular delivery[END_REF] , but affects the stability of the particle. The use of more saturated helper lipids with a high melting temperature in LNPs, such as DSPC, allowed the stabilization of MC3 LNPs by favouring laminar bilayers and increasing the stability [START_REF] Leung | Microfluidic Mixing: A General Method for Encapsulating Macromolecules in Lipid Nanoparticle Systems[END_REF] . Most of the current formulations follows the last strategy to improve the stability of the LNPs, while the conical shaped and hexagonal HII structures are generated by the ionizable lipids after its ionization in the endosome.

c) Cholesterol

Cholesterol plays an important role inside the LNPs, lowering the transition temperature from laminar phase to hexagonal phase and allowing endosomal escape [START_REF] Allen | Liposomal drug delivery systems: from concept to clinical applications[END_REF][START_REF] Takahashi | Effects of cholesterol on the lamellar and the inverted hexagonal phases of dielaidoylphosphatidylethanolamine[END_REF] . Moreover, cholesterol contributes to an efficient lipid packaging by "tighten" fluid lipidic layer and reducing the content leakage [START_REF] Allen | Liposomal drug delivery systems: from concept to clinical applications[END_REF] , as well as the increase of LNP rigidity [START_REF] Goswami | Mannosylation of LNP Results in Improved Potency for Self-Amplifying RNA (SAM) Vaccines[END_REF] and to the membranes fusion [START_REF] Pozzi | Transfection efficiency boost of cholesterol-containing lipoplexes[END_REF] .

d) PEG Lipids

The use of Polyethylene glycol (PEG) lipids is crucial to prevent the LNP opsonization. PEG lipids generate a steric hindrance or shield around the LNP, avoiding the aggregation with serum proteins or others LNPs, resulting in an increasing of the circulation time [START_REF] Suk | PEGylation as a strategy for improving nanoparticle-based drug and gene delivery[END_REF] . The content of PEG can Sergio Linares Fernández be also used to tune the particle size. Higher content of PEG-lipids generate smaller particles and vice versa [START_REF] Ryals | The effects of PEGylation on LNP based mRNA delivery to the eye[END_REF] . However, high concentration of PEG-lipids can be detrimental for transfection efficiency [START_REF] Ryals | The effects of PEGylation on LNP based mRNA delivery to the eye[END_REF][START_REF] Bao | Effect of PEGylation on Biodistribution and Gene Silencing of siRNA/Lipid Nanoparticle Complexes[END_REF][START_REF] Kumar | Shielding of Lipid Nanoparticles for siRNA Delivery: Impact on Physicochemical Properties, Cytokine Induction, and Efficacy[END_REF] . Firstly, the hydrophilic layer around the LNPs can prevent the interaction and fusion between the LNPs and the endosomal membrane [START_REF] Bao | Effect of PEGylation on Biodistribution and Gene Silencing of siRNA/Lipid Nanoparticle Complexes[END_REF] . Secondly, high PEGylated LNPs hindered the in vivo efficacy, probably due to the reduced association with apolipoprotein E (ApoE) [START_REF] Kumar | Shielding of Lipid Nanoparticles for siRNA Delivery: Impact on Physicochemical Properties, Cytokine Induction, and Efficacy[END_REF] (ApoE is a serum protein that binds to the LNPs and facilitates the LNPs uptake mediated by cell-receptors). Finally, PEG have been pointed out as the principal causal agents of anaphylaxis reactions of the mRNA COVID-19 vaccination [START_REF] Castells | Maintaining Safety with SARS-CoV-2 Vaccines[END_REF] .

e) LNP Formulation

The 

d) Effectiveness and pharmacovigilance.

Only few months after the beginning of the vaccination campaigns, there is already some data about the effectiveness. The first study was performed among the residents of two skilled nursing facilities vaccinated with BNT162b2. The residents were composed by elder people, with fragile health and underlying medical conditions, whose background was excluded from the clinical trials. The study demonstrated a 63% effective against infection (95% CI, 33% to 79%) with a partial vaccination (defined Sergio Linares Fernández as the period from >14 days after the first dose through 7 days after the second dose) 121 . Another study using BNT162b2 has been performed in the UK among healthcare workers, the SIREN study. The vaccine coverage was 89% and demonstrate a vaccine effectiveness of 72% (95% CI 58-86).

21 days after first dose, and 86% (95% CI 76-97) Moreover, as any other pharmaceutical product the safety followup after the implementation (pharmacovigilance) is critical to ensure the safety. During these few months, the pharmacovigilance system has detected some issues related to the mRNA vaccines. It is important to clarify that these case reports do not differentiate between causality (the incidence was caused by the vaccine) and chance (the incidence was reported at the time of vaccination, but the vaccine was not the cause).

One of the most severe reports were fulfilled in Norway, with the death of 23 elderly patients with fragile conditions shortly after receiving the vaccine. The strong reactogenicity of mRNA vaccines in fragile people may be the cause of those deaths, although it is not yet clear 126 .

Moreover, one study using the data based VigiBase suggested a slightly increase of thrombotic events for both mRNA vaccines 127 . Finally, some anaphylactic shocks were also reported in both vaccines 128,129 , most Sergio Linares Fernández probably due to an allergy reaction against the PEG-lipids 130 . Although, the used of vaccines (based on mRNA or not) is not completely exempt of risk, up to date, the risk-benefit balance has been tremendously favourable for the vaccination against COVID-19. Sergio Linares Fernández

Thesis Project

The development of an effective prophylactic vaccine against HIV combined with an increase of testing and use of antiretroviral drugs (HAART, PEP and PreP) is critical for the end of the HIV pandemic. The development of an effective HIV vaccine is still a worldwide public health priority. New technologies based on mRNA may offer advantages such as the production of antigen harbouring host post-transcriptional modifications, easy production of a vaccine containing multiple antigens or the use of mRNA encoding cytokines and chemokines as adjuvants.

Moreover, the improvements can be also translated into the development of new vaccines against other infectious diseases.

Therefore, the aim of this thesis was:

1) Objective 1: Design and optimized the IVT mRNA platform.

The sequence of the DNA master plasmid for the production of IVT mRNA was optimized and compared with a commercial standard mRNA. The poly-A size was selected among three different poly-A sizes (76-mRNA, 112-mRNA and 148-mRNA), to continue with the optimization of the 5'UTR for which 6 different synthetic 5'UTR candidates were tested. Finally, the capping method (cap analogs vs enzymatic capping) and purification steps (cellulose purification, phosphatase treatment or double treatment) were evaluated in terms of mRNA translation efficiency. The transfection evaluation was Sergio Linares Fernández performed in vitro using DC 2.4 and HeLa cells and analysed by flow cytometry and by immunofluorescence.

2) Objective 2: Selection of different HIV antigens, producing of vaccinal mRNAs and their formulation into LNPs.

Once selected the optimal plasmid sequence (UTR4-148A), we generated new master plasmids containing different HIV immunogens.

At this point, we also design a novel multimeric antigen platform based on MBL2. Them, we evaluate the mRNA expression in vitro and set up the production of LNPs-mRNA for the in vivo studies. The antigen expression was evaluated directly by immunofluorescence in HeLa cells.

3) Objective 3: In vivo evaluation of humoral immune response.

Here, we evaluated the humoral immune response of the different antigens in CB6F-1 mice. The mice were divided in group of 6, and each group was injected subcutaneously with a different formulation at day 0, 14 and 28. Different blood samples were taken, as well as vaginal lavages at different times points. The study was still on going by the time of submitting the thesis. were generated using two complementary primers (Table 3). Briefly, an equimolar amount of oligonucleotide pairs was heated for 5 min at 95°C, and then slowly cooled until room temperature to allow their hybridization.

General Results
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General Results

I.

The different ds 5' UTR were inserted between the HindIII and NcoI sites of the IVT-148A plasmid, allowing the formation of the IVT-UTR1 to IVT-UTR6 constructs. 

f) Zebrafish Injection

All animals provided by the PRECI platform (UMS 3444, SFR Biosciences) were maintained at 28°C. One-cell stage casper zebrafish embryos 146 were microinjected with 1 nL (20 ng/μl) of mRNA coding for eGFP. The embryos were then kept at 28°C until the evaluation of mRNA Sergio Linares Fernández

Results

A standard IVT expression plasmid (Figure 26A) was built and consisted of the eGFP reporter gene flanked by the 5'UTR and two copies in tandem of the 3'UTR of the long half-live human β-Globin RNA. This expression plasmid was used 1) as mRNA expression positive control, and

2) as a template for the sequence modifications realized to increase the mRNA translation. 

Tailoring the Poly-A Tail

The poly-A is a critical region that contributes to the translation efficiency, mRNA half-life and therefore mRNA potency 148 . A poly-A tail of 120 units is considered as the standard size for mRNA vaccines 136,149,150 . To unravel the impact of the poly-A stretch size, different plasmid templates (Figure 26A) harbouring distinct poly-A lengths were generated, with one poly-A shorter than the standard (76A-mRNA), one with similar size (112A-mRNA) and another one longer (148A-mRNA).

The different mRNAs were produced in vitro using anti-reverse cap analog (ARCA), and were then transfected into HeLa cells. At 24 hours post-transfection, qualitative fluorescence microscopy analysis showed that the 148A-mRNA provided the highest eGFP expression (Figure 27A).

To better characterize the kinetics of eGFP expression, HeLa cells were analyzed by flow cytometry at different time points following transfection.

A similar eGFP expression kinetic was observed with all the poly-A mRNA, with a maximal eGFP expression at 24 hours post-transfection followed by a gradual decrease of eGFP over time (Figure 27B). At 24 hours, the intensity of expression was significantly higher using 148A-mRNA than 76A and 112A-mRNAs. After assessing the Area Under the Curve (AUC) (Figure 27C), the 148A-mRNA significantly increased the overall eGFP expression in comparison to 76A and 112A-mRNAs. Sergio Linares Fernández With the aim to optimize the IVT mRNA as a vaccine platform, the impact of the poly-A size was evaluated using the murine dendritic cell line DC2.4. Akin to HeLa cells, the fluorescence microscopy analysis showed the highest expression with 148A-mRNA (Figure 28A). The quantitative time-course analysis of eGFP expression in DC2.4 transfected cells revealed similar kinetics with a maximal fluorescence at 24 h post-Sergio Linares Fernández transfection (Figure 28B). However, this peak of expression is followed by a faster decrease of eGFP over time than for HeLa cells (Figure 27B). The 148A-mRNA resulted in higher eGFP expression when compared to 76A and 112A-mRNAs, at 24 and 48 hours post-transfection (Figure 28B) and also considering the complete time-course study (Figure 28C). Thus, a 65 and 25% increase in eGFP expression was obtained with 148A-mRNA in comparison to 76A and 112A-mRNAs, respectively (Figure 28C). To get closer to physiological conditions, the different polyadenylated mRNAs were microinjected into zebrafish fertilized eggs. Fluorescence analysis of zebrafish embryos at 24 and 48 hours post-injection by microscopy (Figure 29) showed that 148A-mRNA provided the highest eGFP expression. This qualitative study confirmed the results obtained in the in vitro cell assays. 

plates). Fluorescence microscopy analysis was performed 24 hours post-transfection (A). Images were obtained using equal acquisition parameters, and scale bar is 100 m. B) Time course analysis of eGFP expression in cells transfected with the different poly-A mRNAs was performed by flow cytometry. The measurements were acquired at 4, 24, 48, 72 and 144 hours post-transfection and results are expressed as the mean +/-SD of 3 independent experiments with four technical replicates. Results are represented as the percentage of change with respect to normalized EGFP expression of 112A-mRNA at 24 hours post transfection. C) Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels
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With the aim to optimize the translation efficiency of our standard 148-A mRNA, 6 different synthetic 5'UTRs with high ribosome loading and high number of reads were selected from this library. As shown in Figure 26B, the 5'UTR of 148A-mRNA was exchanged by six new synthetic 5' UTR sequences, allowing the formation of UTR1 to UTR6 mRNAs. HeLa cells were transfected with the new synthetic 5'UTRs, the human β-globin (148A-mRNA), and a commercial eGFP (L7601) mRNAs, and the eGFP expression was analyzed both by fluorescence microscopy (Figure 30) and flow cytometry (Figure 32). At 24 hours post-transfection, fluorescence microscopy revealed a higher eGFP expression with UTR4 mRNA compared to other mRNAs. As for previous time course analyses (Figure 27B and 3B), similar flow cytometry kinetics were obtained, except for the L7601 mRNA which presented an eGFP expression peak at 48 hours posttransfection (Figure 32A). At 24 hours post-transfection, the intensity of expression was significantly more important using UTR4 mRNA than others mRNA (see magnification square in Figure 32A). When considering the overall fluorescence detected during this time course analysis, the UTR4 mRNA presented significantly higher eGFP expression than other mRNAs (Figure 32B), except the L7601 mRNA. Moreover, the UTR4 mRNA generated 33% more eGFP compared to the standard β-globin 148A mRNA. Interestingly, the high ribosome loading UTR2 and UTR5 showed a low level of eGFP production. Sergio Linares Fernández The same analyses were performed using the DC2.4 cells.

Fluorescence images of DC2.4 cells realized 24 hours post-transfection showed that UTR4 mRNA presented the highest eGFP production (Figure 31). When the eGFP expression was assessed by flow cytometry (Figure 33A), at 24 hours post-transfection, the intensity of expression was significantly more important using UTR4 mRNA than others mRNA. The total amount of fluorescence detected during the time course analysis (Figure 33B) confirmed that the UTR4 mRNA resulted in a significantly higher expression compared to other mRNAs. The total eGFP expression in DC2.4, calculated with the AUC (Figure 33B), was similar to the expression obtained in HeLa cells (Figure 32B). Thus, a 37% increase in eGFP Sergio Linares Fernández expression was obtained with the UTR4 mRNA in comparison to 148A-mRNA, illustrating the added value of this specific 5' UTR. Finally, the toxicity and transfection efficiency were measured 24 hours post-transfection in HeLa and DC 2.4 for the different constructs Figure 34. The results in DC 2.4 demonstrated no difference in viability (Figure 34A), whereas Two UTR's (UTR3 and UTR5) exhibit some toxicity in HeLa cells (Figure 34B). Finally, the transfection efficiency was similar among the "alive cells" subgroup as mush in DC 2.4 (Figure 34C) as in HeLa (Figure 34D). Sergio Linares Fernández 

Capping and Purification of IVT mRNA

The adequate production and purification of IVT mRNA can drastically affect the antigen expression. Indeed, a high capping efficiency in the adequate Cap-1 conformation evades host responses by interferon-induced proteins with tetratricopeptide repeats (IFIT) family members, and favours mRNA translation 152 . Moreover, it is also essential to purify the IVT mRNA from the contaminants generated during the reaction. Indeed, those contaminants, such as dsRNA or in a lesser extent 5'PPP uncapped mRNA, activate PRRs and block the cellular protein synthesis 139 .

Here, the standard 148A-mRNA was produced using either the antireverse cap analog (ARCA) or the Vaccinia virus capping enzyme. Then, the IVT mRNAs were depleted of dsRNA by cellulose chromatography, and/or dephosphorylated with antarctic phosphatase. All these mRNAs were analysed by agarose gel electrophoresis, and the presence of sharp bands confirmed their overall integrity (Figure 35). Sergio Linares Fernández 
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After cellulose chromatography, the dsRNA depletion was confirmed by dot blot using the J2 anti-dsRNA antibody (Figure 35).

Interestingly, the amount of dsRNA depended on the method used for mRNA production, being higher in ARCA than in vaccinia capping system. 

Discussion

The use of mRNA in vaccinology is a revolutionary technology that has exploded in recent years. Although two mRNA based COVID-19 vaccines are already on the market, the clinical trials have reported more adverse events in patients injected with high-doses of mRNA vaccines.

Thus, to lower the injection dose, it is important to increase the stability and translation efficiency of the mRNA, and its release into the cytosol. In this work, we aimed to enhance the mRNA potency by improving the 5'UTR and poly-A regions and by optimizing the capping and purification steps.

Hence, the use of synthetic 5'UTRs in an eGFP reporter mRNA harboring an 148(A) tail allows us to increase their translation efficiency in either HeLa cells or DC2.4, a dendritic cell model, in comparison to a human globin UTR containing and a commercial eGFP mRNA controls. Moreover, the depletion of dsRNA conjugated to a phosphatase treatment increases the translational potential of mRNA, especially in dendritic cells which are an important target for eliciting a strong immune response.

Poly-A tail plays an important function in the stability and regulation of translation efficiency of the mRNA 153 . However, due to its instability during bacterial plasmid production, the poly-A tail has been limited to 120 units. An alternative strategy has been developed to avoid this instability, and consisted to include an internal 10 nucleotide linker into the poly-A stretch 154,155 . By using highly stable bacteria (NEB stable competent Escherichia coli coli strain), we have been able to propagate and Sergio Linares Fernández maintain a plasmid containing a 148 A tail, and showed that this mRNA offers the best mRNA translation efficiency into DC2.4. These results are in line with the results obtained by Grier et al., who showed that the translational efficiency of mRNA was improved in conjunction with increasing poly-A size until a length of 300 A 137 , a value in agreement with those of newly transcribed mRNA in Metazoa 153 . Interestingly, these authors used the linear plasmid technology that allowed the propagation of longer poly-A stretch, which could be an interesting alternative to conventional circular plasmids producing 120-148 poly-A or segmented poly-A tail mRNAs 154,156 .

Besides the poly-A tail, numerous works have developed specific

UTRs to increase the translational efficiency of mRNAs, as the use of one or two copies of the 3' UTR of the globin or other known stable mRNA 115,136 or short 14 nucleotides 5' UTR 156 . Here, we improved the mRNA translation by using a new set of 5' UTR synthetic sequences based on the selection of synthetic 5'UTRs with high ribosome loading 151 . Among these synthetic 5'-UTRs, the UTR-4 provided the highest translation efficiency, with a 33 and 37% increase in eGFP expression compared to the standard 5'UTR human β-globin in HeLa and DC2.4 cells, respectively (Figure 32 and Figure 33).

The eGFP expression level of the mRNAs tested is comparable between the two cell lines, except for the L7601 commercial mRNA. Hence, only UTR4 mRNA allowed to produce significantly higher level of eGFP than L7601 mRNA in DC2.4 cells. Since the untranslated (origin) and translated Sergio Linares Fernández (codon optimization) sequences of this commercial mRNA are unknown, the discrepancy observed between these two cell lines cannot be discussed. From this study, we showed that the selection of high ribosome loading 5'UTRs sequence is a promising tool to improve mRNA potency, although it is not always correlated with high protein expression. Hence, a low level of eGFP production is obtained with UTR2 and UTR5 mRNAs in both cell lines (Figure 32 and Figure 33). Therefore, it is important to validate the selected 5'UTR and 3'UTR used for the gene of interest. We have validated the UTR4 for the expression of Gag and Env HIV antigens (data not shown). Other strategies can be used to improve mRNA translation. For example, the depletion of strong secondary structures preventing ribosome scanning within the 5' UTR, a codon optimization of the coding sequences or the reduction of miRNA sites.

Apart from the untranslated sequences, other parameters can modulate the translation process such as secondary structures or innate immunity induction. For instance, a successful approach to avoid an overactivation of the innate immunity and increase translation of mRNA is the use of modified nucleosides such as methyl-pseudo uridine 157 . This strategy is the approach followed by the two currently used worldwide SARS-CoV-2 vaccines. However, other factors like the presence of uncapped mRNA and dsRNA are still a source of innate immunity activation. As shown in Figure 36, a better efficiency is achieved with enzymatic capped mRNA compared to ARCA capped mRNA in the two Sergio Linares Fernández cell lines used (+67% in HeLa, +45% in DC2.4). This can be due to the difference in capping efficiency (70-80% with Arca vs 98-100% with vaccinia virus system), the cap conformation (Cap-0 in Arca vs Cap-1 in vaccinia virus system) and the amount of dsRNA which is more important in mRNA samples produced using the ARCA capping method (Figure 35).

It has been shown that dsRNA removal through HPLC or cellulose methods drastically enhances the translational efficiency of IVT mRNAs 141,158 . This dsRNA depletion leads to a decrease of type-I interferon and a translational enhancement of the mRNA into transfected DC cells. The dsRNA production might be related to the buffer composition, as shown by Mu et al. 139 , a reduction in the MgCl2 concentration decreasing the synthesis of dsRNA. This illustrates the strong added value of vaccinia virus capping. However, despite its advantages, vaccinia virus capping presents some limitations compared to the ARCA one. First, it is a more complex process requiring extra-steps of production and purification.

Secondly, the capping reaction should be validated for every batch, being therefore a more time-consuming and laborious process. On a more general view, our results demonstrated a great synergic improvement in mRNA potency by combining dsRNA depletion and 5'PPP dephosphorylation, especially in our APCs model, the DC2. Finally, although we provide promising results for the optimization of the IVT mRNA platform with up to a three-fold expression increase, our study contains some limitations such as the use of in vitro models, or the use of a murine DC cell line. Hence, mouse TLR'-8 is not able to recognize ssRNA, as human does.

There are not doubts that mRNA vaccine platform will revolutionize the medicine. Although most of the recent research efforts are focused in the production of mRNA formulations more efficiently delivered into immune cells and target tissues, increasing potency and reactogenicity of mRNA species are also key elements to improve mRNA therapeutics, especially in the vaccinology field. Sergio Linares Fernández

Abstract

The selection of the adequate antigen is the first step in any vaccine design. The selected antigen should be able to elicit a protective immune response for a given disease. For HIV, it is believed that the generation of broad neutralizing antibodies (bNAbs) may be crucial to protect against infection. With the aim to develop mRNA vaccine against HIV, it is important to properly design the encoded sequence, and to confirm the adequate conformation of the translated antigen. In this chapter, 6

different antigens were designed based on their potential ability to induce bNAbs using our optimized mRNA platform. Their mRNAs were produced and complexed into lipid nanoparticles, and lastly, mRNA expression and antigen folding were validated in vitro in HeLa cells by immunofluorescence.

Introduction

The objective of almost all new HIV vaccine candidates is to elicit potent bNAbs. However, as has been already discussed in the introduction (Third Generation -Next generation), triggering bNAbs is not an easy labour. The envelope protein is the most popular candidate to elicit such immune response.

A new generation of vaccines candidates based on envelopes were specially designed to enhance the generation of bNAbs. The envelope designs have followed different strategies such as i) stabilized trimers, ii) stabilized regions, iii) modification in the glycan shield and iv) the use of heterologous boost strategies.

A critical step in designing and selecting envelope proteins to elicit bNAbs is to ensure antigen conformation. Therefore, the validation of the adequate antigen conformation and conservation of bNAbs epitopes must be settled as the first Go/No-Go criterion. Therefore, the objective of this chapter was:

1) Select and design promising antigens to be tested in the optimized vector pIVT-UTR4.

2) Production of mRNA, their complexation into lipid nanoparticles and validation of the antigen expression and conformation. Sergio Linares Fernández

Materials and Methods

a) Plasmid Design Containing HIV-1 Antigens for IVT-mRNA Production.

The coding DNA (cDNA) sequences of 6 different antigens were cloned into pIVT-UTR4 to produce IVT-mRNA encoding the gp160 DRss 1086C env, the MBL-eOD-GT8, the p17AS, the MBL-p17AS, the p24 and the MBL-p24 proteins. Additionally, the DRss Env protein was also cloned into A novel antigen based on the human Mannose-binding protein C (Gene: MBL2) and the eOD-GT8 antigen [START_REF] Jardine | Priming a broadly neutralizing antibody response to HIV-1 using a germline-targeting immunogen[END_REF]164 The p17AS DNA sequence was generated using as a template the wildtype gene (p17WT) from the pNL4-3.Luc.R-.E-plasmid, kindly offered by Christophe Guillon. The p24 DNA sequence was generated from the gag sequence (HxB2 HIV-1, Clade B isolate) available in the laboratory.

The PCRs were made with the proof-reading Phusion-high fidelity polymerase (NEB) according to the manufacture's recommendations using different sets of primers Table 4.

P17:

The primers "Fw_1_17AS_Merysto-KO_NcoI" and "Rv_Mut_17AS_AS:" were used for the first PCR. The primers Sergio Linares Fernández "Fw_Mut_17AS_AS" and "Rv_17AS_NotI" were used for the second PCR.

An equimolar quantity of the PCR1 and PCR2 were mixed and amplified with Phusion polymerase to have the final cDNA. The p17AS insert was digested with NcoI and NotI and inserted into pIVT-UTR4 plasmid.

MBL-17AS:

The cDNA for the MBL-p17AS was generated as a PCR product, using as DNA template the previous plasmid pIVT_17AS-UTR4

and the following primers with 5' to 3' orientation. The primers "Fw_MBL-p17AS_Merysto-KO_BpU10i" and "Rv_17AS_NotI" were used and the insert was digested with BpU10i and NotI and inserted in pIVT-UTR4-MBL.

p24:

The primers "Fw_p24_NcoI" and "Rv_p24:" were used and the insert was digested with NcoI and NotI and inserted to pIVT-UTR4.

MBL-p24:

The primers "Fw_MBL_p24_BpU10i" and "Rv_p24:" were used and the insert was digested with BpU10i and NotI and inserted in pIVT-UTR4-MBL. The p24 sequence was amplified from HIV Gag HXB2 clone. Sergio Linares Fernández 

Primer name

Primer Sequence 5' to 3'

Fw_1_17AS_Merysto-KO_NcoI AATTGGCCATGGCTGCGAGAGCGTCGG Rv_Mut_17AS_AS GGCCTTAACCGAATGCTTGCCCATTTATCTAATTC Fw_Mut_17AS_AS GAATTAGATAAATGGGCAAGCATTCGGTTAAGGCC Rv_17AS_NotI AATTGCGGCCGCTTAGTAATTTTGGCTGACC Fw_MBL-p17AS_Merysto- KO_BpU10i AATTGCTCAGGAGGAGGCATGGCTGCGAGAGCGTCGG Fw_p24_NcoI TTGGCCATGGCGCCTATAGTGCAGAACATCCAGGG
Fw_MBL_p24_BpU10i AATTGCTCAGGAGGAGGCCCTATAGTGCAGAACATCCAG

Rv_p24: AATTGCGGCCGCTCACAAAACTCTTGCCTTATGGC

The PCR product was digested with BpU10i and NotI and inserted into pIVT-UTR4. All the plasmid sequences are available in the Annex 2. All the amino acid sequences are available in the Annex 3.

b) Antigen mRNA Production

The mRNAs were produced using ARCA and were purified with cellulose and phosphatase as described previously in Chapter 1.

c) LNP-mRNA Complex Formation

LNPs-mRNA complexes were produced with the use of microfluidics instrument NanoAssemblr Spark (Precision Nanosystem), in order to mix an organic phase containing the lipids and an aqueous phase containing the mRNA in a 1:2 flow ratio, and the instrument settings number 5. The Sergio Linares Fernández -2000 (Avanti). For the aqueous phase, the mRNA was dissolved in RNase Free water (Ambion) with 100mM Sodium Acetate pH 5.3 (Ambion). The mRNA concentration was then estimated through absorbance measures using nanodrop. The ratio between the cationic amines in the lipids and the anionic phosphate on mRNA was used to calculated the N/P ratio, according to the following formula.

The RNA molecular weight standard used was 321500 g/mol for an mRNA of 1000 nucleotides. An Excel file was generated to directly calculate the different concentrations in order to obtain a N/P ratio between 6-8, which was recommended by the Spark manufactured to obtain a high encapsulation efficiency. The aqueous phase (containing the mRNA in adequate concentration in 100mM sodium acetate) was mixed with the organic phase (containing 50mM of master lipids mix) with a ratio of 1:2 Sergio Linares Fernández In the first two, 50 μL of TE were added to a total volume of 100 μL in order to calculate the free mRNA. In the next two wells, 50 μL of TE containing 1% 100 X-Triton (Euromedex) were added to a final volume of 100 μL, to calculate the total mRNA present in the LNP mRNA complex.

Calibration curves were generated with a master solution of 20ng/μL DRSS mRNA in TE (previously measured in the nanodrop) or TE with 1% triton V/V in a total volume of 100 μL. The plate was then incubated 10 minutes at 37ºC to enhance the disruption of the LNP-mRNA complex in the presence of triton. Then, 100 μL of Ribogreen diluted in TE were added to every well.

The plate was kept in the dark for 5 minutes before reading the fluorescence intensity in a M1000 plate reader (Tecan). The measure (excitation 485nm, emission 528) was performed from the top of the well, gain and z-position were calculated automatically. Using the calibration curves, mRNA concentrations from the LNP samples (Free and encapsulated) were estimated. Finally, the encapsulation efficiency was calculated in percentage (EE%) according to the following formula, and Sergio Linares Fernández the encapsulated mRNA concentration was obtained after subtracting the concentration of free mRNA to the concentration of total mRNA.

f) Cell culture

HeLa cells were purchased from ATCC (ATCC® CCL-2) and cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Life Technologies, France) supplemented with 10% of fetal bovine serum (Gibco) at 37°C and 5% CO2. DC2.4 cells which are immortalized murine bone marrow dendritic cells were kindly provided by Jacqueline Marvel (CIRI, France).

They were cultured in RPMI 1640 medium supplemented with Glutamax (Gibco), 10% fetal bovine serum, 50μM of β-mercaptoethanol and 10mM

Hepes. Both cell lines were propagated in 48-well plates with a low passage number (less than 10). Cells transfected with MBL construct were additionally supplemented with 30μM of ascorbic acid (Sigma), previously sterilized through a 0.22 μm filtration unit in the laminar flow hood, to allow the hydroxylation of collagen proline of the MBL2 protein.

g) In Vitro Antigen-mRNA Transfection

The expression of the antigens encoded in the different vaccine mRNA candidates was evaluated in vitro by fluorescence microscopy. One day before the transfection, HeLa or DC2.4 cells were seeded in 48-well plates at a density of 3.75x10 5 cells/well. Transfections with TransIT-mRNA (Mirus Sergio Linares Fernández Bio) were realized according to the manufacturer's recommendations.

Briefly, the transfection complex was prepared by adding 1-5μL of mRNA (containing 125 and 250 ng/well for HeLa and DC2.4, respectively) into 26μL of serum-free culture medium per well. A 0.5 μL of booster and 0.5 μL

TransIT reagent were added into the 26μL of serum-free culture containing the mRNA. Then, each transfection complex solution was added dropwise into the cells containing a complete medium with serum.

h) Immunofluorescence

24 hours post-transfection in a 48 well plate, the medium was discarded and the cells were washed 3 times with PBS (Euromedex) and fixed for 10 minutes at -20ºC in methanol. Another set of 3 lavages with PBS was performed before adding the blocking solution (10% BSA, 0.2% saponin in PBS) for 1 hour. The cells were washed twice and immunolabeling using the appropriate primary antibody diluted in blocking solution (10% BSA (Euromedex), 0.2% saponin (Sigma) in PBS). Cells transfected with mRNA encoding the DRss envelope protein were labelled with the mouse monoclonal antibody (5H4D12, 6.86mg/mL diluted 1:350). Cells transfected with mRNA encoding MBL-eOD-GT8 were labelled with the human monoclonal antibody VRC01, (HIVreagents: 12033, 1mg/mL diluted 1:1275). Cells transfected with mRNA encoding p17AS or MBL-p17AS mRNA were labelled with the human monoclonal antibody 2F5 (1mg/mL, diluted 1:500). Finally, cells transfected with the p24 or MBL-p24 Sergio Linares Fernández mRNA were labelled with the mouse monoclonal antibody mmAbM01

(1.15mg/mL, diluted 1:1000). The cells were incubated for 3 hours at room temperature with the primary antibody, and washed twice with PBS. After the washing steps, the cells were incubated for 1 hour with the goat antimouse IgG (H+L) secondary antibody, DyLight 488 (1mg/mL, diluted 1:400)

or the goat anti-Human IgG (H+L) secondary antibody, DyLight 488 (1mg/mL, diluted 1:400) accordingly to their primary antibody origin for 35 minutes at room temperature. Cells were washed three times with PBS and labelled with DAPI diluted in PBS for 10 minutes. Finally, cells were washed 3 times and keep on PBS for their analysis with a fluorescence microscope. Sergio Linares Fernández

Results

Selection and design of mRNA encoding HIV-1-antigens

The antigens selected in this study focused on triggering bNAbs and/or enhancing the humoral immune response. Therefore, six different antigens were selected according to their capability to elicit bNAbs or as a positive control of a novel multimeric antigenic platform based on MBL2 (Table 5). 

b) Production of engineered antigens based on MBL2 defense collagen.

A novel multimer antigen based on the MBL2 protein (UniProtKB -P11226) was conceptualized. This novel immunogen's rational design was conceived to increase the immunogenicity and the humoral response compared to a monomeric soluble antigen, and to exploit the trafficking of the antigen to the germinal centres due to the MBL-antigencomplement interaction.

The Mannose-binding lectin (MBL2) is a collagen-like (defense collagen) serum protein that plays a role as a first-line host defence against some pathogens and complement activation 168 . Besides, MBL2 is Sergio Linares Fernández a multimeric protein that can have different multimeric conformation, and it is composed of 5 different regions 168 .

1) The signal peptide (amino acids 1-20): Responsible for the secretion of the protein.

2) The crosslinking cysteine-rich region (amino acids 21-41): This region is involved in oligomerization by forming inter and intra-subunit disulphide bonds.

3) The collagen triple helical region (amino acids 42-99): This domain provides the long stalk of the molecule.

4) The neck (amino acids 100-130):

The hydrophobic coil-coil neck domain is crucial for initiating the oligomerization.

5) The carbohydrate-binding domain (CBD) (amino acids 130-245):

This region recognizes pathogens' carbohydrates.

Besides this regions, MBL protein is a multimeric protein, where 3 monomers of 32kDa generate first a homotrimer of 75 kDa. This homotrimer is further oligomerized into pairs of trimers (2x3), trimers of homotrimers (3x3), quadruplex of homotrimers (4x3), and hexamers of homotrimers (6x3) 168 . Sergio Linares Fernández For constructing a new set of antigens based on MBL2 (Figure 40C), the carbohydrate-binding domain was replaced by an antigen sequence. A GGS linker was added between the neck region and the antigen to avoid any steric hindrance. We discard the MBL-DRss fused protein because the construct would generate an "inside down" molecule. Therefore, more suitable antigens were selected. The production and purification of mRNA molecules is a key factor to increase mRNA potency. As it has been previously described, modulating the activation of the innate immune system is a critical factor but not the only one. An adequate mRNA delivery into the cell cytoplasm is critical. The gold standard of mRNA delivery is Lipid nanoparticles.
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Among the different components, the more relevant is the use of an adequate ionizable lipid. The ionizable lipid D-Lin-MC3-DMA (pKa:6.44) has been the gold standard for siRNA in clinical trials 169 , and is part of the first FDA siRNA approved drug (Patisiran 170 ). With the bloom of the technology, more potent lipids have been developed, but the accessibility and price made their access really restrictive. Therefore, in this chapter we produced the different mRNAs using ARCA and purified them with cellulose and phosphatase. Then, the mRNAs are formulated by microfluidics using D-Lin-MC3-DMA as ionizable lipid to generate, a ready to use, mRNA vaccine. Sergio Linares Fernández

c) eGFP LNP

To optimize the LNP formulation, we used the commercial mRNA eGFP L-7601, whose expression is easily followed. The L-7601 is an mRNA containing 996 nucleotides that encode an enhanced GFP version, with undisclosed 5'UTR, 3'UTR and poly-A tail. Moreover, L-7601 is produced with the company proprietary cap analogs system Clean Cap. The L-7601 mRNA was diluted in 100mM of sodium acetate (pH:5.5), and two formulations were realized with different mRNA concentrations (565 and 638 ng/μL) and a 50 mM lipid mixture. The final formulations in PBS were analysed by DLS, and the main parameters of these formulations showed in Table 4. Hence, with a N/P ratio closed to 7, these nanocomplexes presented a quite monodisperse size distribution, with a hydrodynamic diameter of 85-95 nm, a polydispersity index (PI) of 0.14-0.17, a neutral charge, and an encapsulation efficiency of 95-96%.

Moreover, DC 2.4 cells were able to express the eGFP protein 24 hours post-transfection (Figure 41), demonstrating that the delivery system was ready to formulate mRNAs encoding HIV-1 antigens. The mRNA for the different mRNA vaccine candidates were produced using ARCA capping and purified with cellulose and phosphatase. The mRNAs were then diluted in 100mM of sodium acetated Sergio Linares Fernández a quasi-neutral charge (-5 to -2mV) and a high mRNA loading into the LNP (82-88%). It should be indicated that these mRNA have different sizes ranging from 1200 to 3048 bp. Moreover, for each LNP type (see in Annex 4), similar results were obtained for the three formulations realized, except for one of them where a technical problem arisen (the spark did not run out all the reagents through the cartridge; second formulation with DRss HBB mRNA). The robustness of LNPs particle formulations prepared at different dates from the same master mRNA is illustrated in Figure 43 and Figure 44 showing the DLS graphs of these LNP complexes. In the size distribution, small quantities of aggregates can be seen in all the formulations. The production of aggregates may be generated during the beginning and the end of the formulation, where the laminar flow mixture of the organic and aqueous phase is suboptimal. Unfortunately, the Spark LNP formulation system does not allow to discard the beginning or the end of each formulation. The second group of LNP complexes includes the p17AS and the p24 mRNAs. The characteristics of these LNP complexes are not as good than for the first group, especially for p17AS formulations.
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d) mRNA production and purification

Hence, the worse formulation was obtained for the mRNA encoding p17AS, providing the bigger hydrodynamic diameter among all the formulations (152nm), with a PI of 0.58, a negative charge of -6.92 mV, and an E.E of 52.1%. The size of the mRNA p17AS was the smaller among the formulation tested (897nt), but not very different from the eGFP mRNA's size (996nt). An intermediate condition can be seeing in the formulation Sergio Linares Fernández encoding p24, with an overall particle size of 135nm, a PI of 0.3, a charge of -4.94 mV and an E.E of 75.2%. The size of the mRNA encoding p24 was 1200 nt, a length equivalent to that of p17AS mRNA. During the formulation procedure, all the LNPs were produced from the same lipid mixture, and mRNAs were diluted with the same sodium acetate buffer.

After the first round of formulations with the p17AS and p24 mRNAs, a new mRNA dilution from the master mix was realized for the second round, and an isopropanol/sodium acetate precipitation was done to eliminate any contaminant from the mRNA solution for the third round of formulations.

However, and despite these changes, the quality of the newly formulated LNP complexes was not improved. Our working hypothesis is that an unknown contaminant was present and was able to precipitate in isopropanol with the mRNA. The DLS graphs presented in Figure 45 confirmed the high but constant variability of the LNP complexes including p17AS or p24 mRNAs. Sergio Linares Fernández 
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Sergio Linares Fernández f) HIV mRNA Antigens Expression

The validation of mRNA expression in vitro is a go/no-go criteria before evaluating the immune response in vivo. For that, we transfected HeLa cells using the transfectant reagent TransIT and with the mRNA LNP formulations.

The env based immunogens (DRss and eOD-GT8) expression was validated by immunofluorescence Figure 46. First, the mRNAs expression of the transmembrane protein DRss were validated with the mouse monoclonal antibody(5H4D12), which recognizes a non-conformational epitope. However, the adequate conformation of these proteins was previously validated by flow cytometry by Pardi et al. [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF] . The antigen expression from the DRss HBB 5'UTR and the DRss 5'UTR4 mRNA was validated, both in TransIT and LNP-mRNA transfected HeLa cells Figure 46.

A higher expression was observed in transit transfected cells. Also, these preliminary results show a higher expression of the HBB 5'UTR compare to the 5'UTR4, in opposition to the results obtained in our eGFP experiments (Chapter 1).

Second, the mRNA expression of the MBL-eOD-GT8 protein was validated with the human broad neutralizing monoclonal antibody VRC01. This antibody targets the CD4bd and recognized a 209 Sergio Linares Fernández conformational epitope. The MBL-eOD-GT8 contains the native secretion signal peptide of MBL2. To validate the p17AS and MBL-p17AS mRNA expression, we used the broad neutralizing human monoclonal antibody 2F5. This antibody recognizes the linear epitope of the MPER region (ELDKWAS), that was included in the modified p17AS. The p17AS mRNA does not contain a signal peptide, therefore the expressed protein is mainly cytosolic, whereas the MBL-p17AS mRNA contains the native signal peptide of MBL2 and therefore is expected to be secreted.

Finally, we also validated the mRNA translation into the p24 and the MBL-p24 proteins with mouse monoclonal antibody mmAbM01, which was previously validated in the team to bind to gap protein HXB2. Similarly, the p24 did not contain any signal peptide whereas the MBL-p24 contains the native secretion signal of MBL2. Again, we observed a better antigen expression in transIT transfected cells compared to LNP transfected cells. In both transfection types, higher expression of monomeric proteins was observed compared to multimeric proteins. This difference might reflect the cytosolic versus the secreted localization of these proteins.
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Sergio Linares Fernández with primary (p17AS and MBL-p17AS with 2F5 // p24 and MBL-p24 with mmAbM01) and secondary antibody Dylight 488 (Green), and the cell nucleus labelled with DAPI (Blue). The bar represents 100μm.
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Discussion

mRNA vaccines can speed up the screening of antigens as a vaccine candidate. Hence, a higher number of antigens can be selected, produced and tested with the same effort as a protein-based vaccine. For an mRNA vaccine, the process is as simple as cloning the antigenic ORF into the In vitro transcription vector 150 , to directly produce the antigen after mRNA transfection by the host cell cellular machinery, while taking advantage of the host's post-translational modifications. In contrast, protein-based vaccines require the cloning of the selected antigen into an adequate expression vector, the selection and optimization of the antigen production (bacteria, yeast, insect cells, plants or mammals' cells), and antigen purification without disrupting its conformation 171,172 .

For our HIV mRNA vaccine candidate, we designed 7 different mRNAs encoding different antigens. We used the already validated mRNA antigen Env 1086 clade C env DRss protein [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF] , which was able to induce some tiers two bNAbs. We also tested a novel multimeric form of the eOD-GT8 germline [START_REF] Jardine | Priming a broadly neutralizing antibody response to HIV-1 using a germline-targeting immunogen[END_REF] immunogen based on the MBL2 protein. The use of this multimeric protein can potentially improve the humoral immune response and may increase the antigen presence in the germinal centre.

Multimeric vaccines have been used with polymeric nanoparticles, or selfassembly proteins fused to/or containing the antigen such as ferritin, lumazine synthase, HPV or HBB among others (More information in Sergio Linares Fernández Nanoparticles, page 79). One important vulnerability of the use of MBL fused to the antigen multimeric compared to other alternatives is the potentially development of an autoimmune disease, due to the high analogy with the native MBL2 protein. Nonetheless, we believed that the immune tolerance of native MBL will persist since native MBL is constitutively present in many immune active sites (as part of the innate immune system), but of course this risk must be further investigated in future studies if this antigen display passes the first proof of concept. We also generated some mRNAs based on gag protein (p17AS and p24) to exploit the cross-reaction to env protein as well as to verify the MBL-antigen expression in different models. The p17AS protein included a mutation to avoid the myristylation and binding to the cellular membrane, in both the monomeric p17AS and multimeric MBL-p17AS. Furthermore, we complexed mRNA into LNPs, using MC3 as ionizable lipid. Our results provided overall a high mRNA encapsulation rate when we had a monodisperse (PI lower than 0.3) and small particle size (smaller than 120nm) formulations. The average encapsulation obtained (higher than 80%), particle size (80-120) and polydispersity index were acceptable and comparable with other studies 101,[173][174][175] . An example is the optimization of LNP formulation for intramuscular delivery [START_REF] Hassett | Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines[END_REF] , the encapsulation cut off to select new ionizable lipids was 72% [START_REF] Hassett | Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines[END_REF] . Others study achieved higher than 90% encapsulation rates with lower polydispersity and particle size 101,176 , but the formulations were performed Sergio Linares Fernández Finally, we evaluated and validated the antigen expression for the different mRNAs. As a general rule, the antigen expression was higher in the TransIT transfected cells compared to the LNPs transfected cells, both transfections being realized in the presence of serum. However, previous experiments realized in our lab showed no direct correlation on in vitro formulation efficiency compared to the results obtained in vivo (Data not shown). Moreover, it is important to highlight that LNPs based on MC3 have been proof to be efficacious in vivo, and is currently used in the FDA approved siRNA drug Partisiran, as well as a being the standard to benchmark new ionizable lipids in the past years [START_REF] Hassett | Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines[END_REF]101 . Among the different transfected mRNA, the higher fluorescence intensity has been observed in mRNA without signal peptide (p17AS and p24), followed by mRNA expressing antigens in the extracellular membrane (DRss HBB and DRss UTR4) and finally the smallest intensity for antigens containing a secretory signal peptide (MBL based immunogens). Also, the expression pattern Sergio Linares Fernández differs accordingly to the encoded signal peptide. Finally, we select validated immunogens or we were able to validated the expression with the bNAb (2F5 or VRC01) that we aim to trigger, showing that the epitopes were present. All the results obtained, from the antigen design, to the formulation and validation of the antigen expression in vitro encourage us to pursue a first immunological proof of concept among the different antigens.

Introduction

Since the origin of the HIV pandemic 30 years ago and in spite of the tremendous efforts and numerous clinical trials, there is not an efficacious HIV vaccine available. Developing an HIV vaccine is tricky and scientists have to overcome several issues, such as the large variability, maintain the adequate protein conformation and overcome the glycan shield of env immunogens, as well as to surpass the peripheral tolerance of bNAbs B-cells germline. In the past decade, novel antigen strategies have been implemented with the objective to elicit bNAbs. One example is the use of germline immunogens to recall and amplify the naive B-cell pool able to elicit bNAbs such as VRC01. Others examples are the use of stabilized envelope proteins like SOSIP or UFO, whose closed-conformation exhibit bNAbs epitopes and have been able to provide promising results in preclinical trials. Moreover, the use of multimeric antigen vaccines has been able to empower the immune response. Finally, the use of native envelope (DRss) encoded in a mRNA vaccine was able to trigger some tiers-2 antibodies.

In this study, we set a proof-of-concept study focused on the humoral immune response of our mRNA vaccine platform. We tested for the first time in vivo the immune response of a multimeric antigen based on MBL, which was designed and developed in this work. The preliminary Sergio Linares Fernández results confirmed a humoral immune response in the serum in 6 out of 7 antigens tested, and the MBL-antigens groups demonstrated an earlier immune response than their monomeric counterparts. Future analysis of the samples will evaluate the antibody avidity of all groups as well as the cross-reactivity of p17AS and MBL-p17AS with the native env gp140 and as well as the microscopy evaluation of the draining lymph node and spleen. Sergio Linares Fernández

Materials and Methods

a) mRNA Production and LNPs-mRNAs Complexation

The LNP formulations prepared in the previous chapter (above) were used for the in vivo experiments. The mRNAs-LNPs characteristic for every formulation are available in the Annex 4.

b) Animal Experiments and Well Being

The animal experiments were approved under the dossier number 2017113017561199 approved by the "comité d'éthique en expérimentation animale" (CECCAPP, number C2EA15) of the Rhône-Alpes region of France. The mice were hosted by the Plateau de Biologie Expérimentale de la Souris (PBES), in Lyon. The weight (Figure 48) and the behaviour of the mice were followed to ensure their well-being. 

c) Study Design

The mice strain used was CB6F-1 according to the ADITEC, and were chosen to their ability to trigger humoral and cellular immune responses 177 . Briefly, mice were allocated in seven groups containing six mice per group. The age of the mice at the time of purchase (Charles rivers, France) was 6-7 weeks, and were allocated at the PBES facility in Lyon. The mice were individually labelled in the ears after a week of acclimatization.

One week after the labelling, sampling for time 0 of faeces, vaginal lavage and blood were collected for every individual. Mice weigh and behaviour was followed weekly, ensuring animal well-being.

Subcutaneous injections in the right rear leg were performed at day 0, 14 and 28. The mRNA dose was 3μg for the env based mRNAs, meanwhile a dose of 1.5 μg of mRNA was given to the gap-based mRNAs. The dose was calculated and standardized accordingly to the encapsulated mRNA Table 8. 

f) ELISA

To evaluate the humoral responses, ELISAS were performed to evaluate the IgG and IgA. Plates were coated with 100 μL per well with 1 μg/mL of the target protein in PBS overnight at room temperature. The envelope protein used for coating correspond to the natural gp140 isolated from HXB2C infected cells with a native conformation (BioMerieux). The p17AS was kindly produced and provided by Christophe Guillon (MMSB, IBCP, Lyon). The p24 was produced and purchased from PX'Therapeutics (Grenoble, France).

After the coating, the plates were blocked with 200 μL of 10% nonfat milk in PBS for 1 hour at 37ºC, followed by 3 washes of PBS 0,05% tween.

Samples were prepared as follow: Sergio Linares Fernández Finally, another two groups of mice were immunized with mRNAs encoding the p24 and the multimeric MBL-p24. An increase of seric anti-p24 IgG titers was observed since the first blood sampling at day 12 in both groups. The early response elicited in the serum by the multimeric MBL-p24 was superior to p24 alone at days 12 and 26. However, the final seric IgG titers against p24 were equivalent at day 39. Finally, again no IgA antibodies against p24 were observed in the vaginal lavages of both groups. 

Discussion

Since the first proof of concept of a mRNA vaccine in 1993 by Martinon et al. [START_REF] Martinon | Induction of virus-specific cytotoxic T lymphocytes in vivo by liposome-entrapped mRNA[END_REF] , several preclinical trials on mRNAs vaccines have been performed to test the immunogenicity in vivo against different infectious diseases such as CMV 178 , rabies virus 179 , HIV [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF] , influenza 173,180 , SARS-CoV-2 108 among others. The first challenge study was performed in 2012 against influenza 180 in mice with a single injection of 80μg mRNA complexed with protamine. The used of LNPs, HPLC purified mRNA and modified nucleoside allowed a dose reduction as demonstrated in the study of Pardi et al. 175 recording a Zika virus vaccine (2015). In this study, they immunized mice with a single dose of 30μg of 1-methylpseudouridine modified and FPLC purified mRNA encoding the zika protein prM-E, this single injection being able to elicit a protective immune response. Another study on Influenza of 2017 173 demonstrated that a single injection of 10 μg of vaccinia capped mRNA encoding H7 or H10 and complexed into LNPs were able to elicit an humoral immune response in mice.

In this study, our mRNAs-LNPs complexes elicited anti-HIV antibodies in mice after subcutaneous administration in a three low dose injection schedule (3 or 1.5 μg). The mRNA used contained non-modified nucleosides, are ARCA capped and submitted to a double purification (cellulose and phosphatase). Concerning the IgG titers obtained in the serum, the DRss groups demonstrated no difference between UTR4 and HBB, in contrast with the results observed in vitro. Moreover, the p17AS and Sergio Linares Fernández MBL-p17AS demonstrated that the multimeric platform may offer a benefit compared to the monomer, although the results should be interpreted carefully since the formulation was better in the MBL17AS (Table 12) compared to p17AS (Table 11). Similarly, the multimeric MBL-p24 was able to elicit higher antibody titers against p24 earlier than the monomeric p24. This time, both formulations had similar complexation characteristics (MBL-p24 (Table 14) and p24 (Table 13)). Interestingly, the p24 based mRNAs seems to be more immunogenic that the p17AS or the envelope proteins, since provided higher and earlier IgG titers. The MBL-eOD-GT8 showed no IgG antibodies titers against the native gp140 envelope protein in the serum. These results should be interpreted again carefully, since the ELISA was not performed with the protein encoded by the mRNA. The immunogen encoded in the mRNA targets the germline bNAbs of VRC01like antibodies (CD4bd region of env), which doesn't mean necessarily that it can efficiently target antibodies against the CD4bd of native envelope proteins. Concerning the mucosal immune response, no IgA secretions were observed in the vaginal lavages in any of the conditions tested, demonstrating the limitation of our strategy to elicit mucosal immunity. Moreover, it may be interesting to better evaluate the humoral immune response in the near future, such as the IgG1and IgG2a titers or the antibody avidities under a denaturation ELISA (urea treatment), specially between the multimeric MBL-antigens and their monomeric forms. Also, it will be interesting to verify the cross reactivity between p17AS Sergio Linares Fernández and MBL-p17AS with the native gp140 env due to the presence of the 2F5 bNAb epitope.

Finally, it is also important to highlight that other optimization strategies can be performed such as the decrease of GC content or the use of a new generation of ionizable lipids more potent than MC3, which access is restricted. For example, during the preclinical studies of the SARS-CoV-2 vaccine mRNA-1273, they were able to elicit a good immune response in mice with a very low dose of mRNA (1 μg per injection), with two injections of their optimized LNP containing a patented ionizable lipid 108 . Our in vivo proof of concept, validated the immune response using a low dose mRNA, however for future studies it will be also interesting to compare them with a protein control, although the access of all these HIV immunogens are not always simple. In our lab, it will be possible to use p24 proteins adsorbed into PLA nanoparticles 181 . Sergio Linares Fernández

General Discussion & Perspectives

This thesis aimed to optimise a mRNA vaccine platform against HIV-1. For this purpose, the main objective was divided in three main In 2018, the non-coding backbone of the mRNA sequence used by the laboratory contained a 35 nt 5'UTR derived from the GeneBank:

KT279887.1, one copy of the 3'UTR derived from Xenopus laevis majorglobin gene (GenBank: J00978.1), and a poly-A tail of 40 adenines, which in some cases was increased with a poly-A enzymatic tailing kit. This mRNA sequence used in the laboratory provided a lesser eGFP expression compared to the commercial eGFP mRNA L-7601 (996 nucleotides in size, UTR sequences and poly-A size unknown). For that reason, L-7601 was settle as the standard mRNA for formulation-optimization purposes in our team. However, it was important to first optimize the "in-lab" mRNA sequence and its production for the following vaccine projects. Sergio Linares Fernández

After a bibliographic review of the UTR sequences used in research, we found that most of the sequences remained undisclosed 158,180,[182][183][184][185] , while others contained the human -globin 173,186,187 , the βglobin [START_REF] Conry | Characterization of a messenger RNA polynucleotide vaccine vector[END_REF]115,136,[187][188][189] or different [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF]115 UTRs. Therefore, we selected as a standard one of the most widely used sequences, the HBB UTR's, the new master plasmid including two copies in tandem of the 3'UTR, which was demonstrated to provide an optimal expression and stability 115,136 .

Concerning the poly-A sequences, different poly-A sizes were selected and included in the IVT-plasmid, to avoid the batch-to-bath variability of enzymatic poly-A tailing. In vitro results (Tailoring the Poly-A Tail) demonstrated the improvement on eGFP expression of a longer poly-A tail of 148-A compared to the shorter poly-A size of 76 or the usual poly-A size of 112-A (which has a similar size to the usual 100-120-A poly-A size [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF]188,190 ). This direct correlation between mRNA potency and poly-A tail size was already shown for a poly A tail up to 300 nucleotides 137 . At this step, the poly-A tail of this project was not further elongated due to the poor stability of longer poly-A sequences. An alternative more stable than the circular plasmids used in this study are linear plasmids, which potentially provide higher stability as shown by Grier et al. 137 .

During the bibliographic review, we realized that extensive research was performed in the 3'UTR region 115,136 , whereas the 5'UTR region was poorly developed apart from general considerations as the Kozak Sergio Linares Fernández sequence, avoidance of secondary start codons, or sequences with stable secondary structures. Therefore, we modified the 5'UTR region using a novel approach based on the work of Sample et al. 151 . This new approach, based on sequences with high ribosome loading, achieved a 35% increase in eGFP production in vitro using one of the synthetic UTRs, the UTR4. At this point the potency in vitro of ARCA capped UTR4 mRNA was already superior to clean capped L7601 mRNA (Figure 33), even though Clean Cap yields higher capping efficiencies than ARCA 112 . These results might be explained due to the stabilization sequences. Our optimized construct contains the same eGFP coding sequence, which was flanked by the synthetic 5' UTR4, two 3'UTR HBB copies on tandem and a 148-A poly-A tail. The UTR sequences as well as the poly-A size of L7601 is confidential, however, the size of L7601 is 966 nucleotides. The direct comparison of L7601 vs our construct (containing 1220 nucleotides)

suggests that the difference in size (224 nucleotides) may be explained by a shorter poly-A and/or the use of one 3'UTR copy.

Inspired with this result, we decided to further optimize our mRNA platform by evaluating the mRNA capping and by decreasing the innate immune system recognition 138 without the use of modified nucleosides, Moreover, the impact of 5'PPP in the immunogenicity 139 led different researchers treated IVT-mRNA with alkaline phosphatase [192][193][194] , with the aim of improving protein expression. This study combined the cellulose purification 141 and phosphatase treatment of IVT-mRNA capped either with ARCA or vaccinia enzyme. First, the comparison of the two capping strategies demonstrated that vaccinia capping system provided higher eGFP expression compared to ARCA. However, the main hurdles of mRNA capping with vaccinia is the required time for production, the high batchto-batch variability, and the indispensable implementation of extra quality controls before the mRNAs can be used. For this reason, the use of more efficient cap analogs such as CleanCap, which provide affordable higher capping efficiencies and mRNA yields, may provide the benefits of both capping strategies without their inconveniences. The purification Sergio Linares Fernández 

b) mRNAs encoding HIV antigens: production, conformity of translated antigens validation of HIV antigen translation and conformation and their formulation into LNPs

The antigen conformation and post-transcriptional modifications are critical factors that must be taken into account during the antigen Sergio Linares Fernández selection. For example, the stabilized trimer SOSIP BG.505 was considered early in this project. However, the adequate SOSIP folding requires a furin proteolytic cleavage and the incorporation of other post-transcriptional modifications, discouraging its use in DNA/RNA vaccines 159 . One advantage of protein-based vaccines is that antigens can be produce in large scale using engineered cell lines, and that the conformation can be validated by high resolution techniques such as crystallography or electron microscopy. However, verifying the adequate protein conformation in mRNA vaccines is tricky. Antigen expression can be assessed in vitro using different cell lines or primary cells using conformational antibodies [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF]108,159,164 . However, when the mRNA is injected, it can behave like the "Schrödinger'cat". The antigen can be folded and unfolded in the same time for each cell type transfected. This paradox may be more relevant if the antigen structure is important for the immune response. An alternative of SOSIP, was developed by the team of Robin Shattock 159 . They stabilized an envelope protein trimer (UFO), whose structure was maintained in a furin cleavage independent manner 159 .

However, only the amino acid sequence of this new trimer was published, but not the coding sequence. This is relevant because generally the information on the coding sequences have been vastly ignored using codon optimized sequence and can contain "information" that can impact the safety, efficacy or immunogenicity of antigens by several reason discussed by Mauro y Chappell 196 . For example, different coding Sergio Linares Fernández sequences for the same protein can lead to an inadequate protein folding and loss of function 197 . For that reason, and without the access to the coding sequence, we discarded UFO as antigenic sequence in this study. Therefore, having all these considerations in mind, and considering the reagents (antibodies, access to protein antigens, peptides) as well as the ability to trigger and elicit bNAbs, we selected 6 coding sequences.

The antigens selected included the DRss env protein (whose conformation was validated [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF] and the coding sequence was kindly provided by Pardi), the novel multimeric MBL protein fused to the germline B cell immunogen eOD-GT8 (also tested on mRNA 164 ), the p17AS designed by the laboratory to contain the epitope of 2F5 bNAb 166 , the multimeric MBL-p17AS (to evaluate the comparison to the monomeric p17AS), and finally p24 and MBL-p24 (for the excellent reagent availability in the team, which allowed us to validate the novel MBL-multimer). Therefore, we cloned the 6 selected antigens into the optimized plasmid based on the UTR4, with the exception of the DRss, that was also cloned in the HBB 5'UTR. The mRNAs were produced by ARCA followed by a double purification with cellulose and phosphatase treatment, and although ARCA did not provide the best translation efficiency during the capping comparison, this system was faster, did not require extensive quality controls and had a lower batch to batch variability than vaccinia capping. As many other studies based on mRNA, we assessed the expression of the different mRNA encoding the antigens in vitro [START_REF] Pardi | Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques[END_REF]159,164,175 . First, we observed that HBB-DRss-148A seemed Sergio Linares Fernández to have higher protein expression compared to UTR4-DRss-148A, although these results were not conclusive. Furthermore, the multimeric antigens, MBL-p17AS and MBL-p24, seemed less expressed, compared to the monomeric counterparts, p17AS and p24. Presumably, this can be explained due to a different cellular expression patterns, since the MBLmultimeric antigens contained the secretory signal peptide of MBL, in contrast to the monomeric antigens, which did not have any signal peptide.

Complexing the mRNA into an efficient in vivo platform was critical to perform the in vivo studies. Therefore, we complexed the antigens into LNPs containing MC3 as an ionizable lipids. Overall, we observed a good encapsulation efficiency and adequate particle size. We observed that overall, the formulations having high encapsulation efficiencies (>80%)

were correlated with a low polydispersity index, and small particle size, all these parameters being in good agreement with other studies appearing to be the more immunogenics, although it is difficult to compare the IgG titers obtained with different types of antigens. The group immunized with MBL-eOD-GT8 apparently did not show antibody titers. This can be explained by the fact that antibody titers have been evaluated using as coating protein antigen the native conformation clade C gp140, and not the eOD-GT8. We did not have the eOD-GT8

antigen when evaluating the immune response. However, we could evaluate whether or not and immune response was elicited. A simple transfection study can be performed to confirm the presence of IgG anti-eOD-GT8 in the mice serum without requiring eOD-GT8 proteins. This assay consists in performing the MBL-eOD-GT8 mRNA transfection in vitro. The transfected cells can be labelled with the immunized mice serum as a "polyclonal" primary antibody and perform the immunofluorescence to confirm the antigen expression (as was performed with the VRC01 Sergio Linares Fernández antibody). This experiment will not be used to quantify the antibody titers, due to possible differences on mRNA transfection yield, but can indicate the qualitative presence of seric IgG antibodies against MBL-eOD-GT8

antigen.

Interestingly, when we compared the antibody response in vivo against the DRss env antigen, we observed a slightly improvement in IgG anti-gp140 response when the UTR4 is used in comparison to HBB. This difference can be explained due to different performances between both UTRs, or due to formulation differences in the second injections, with a low loading of HBB DRss mRNA into the LNP. Moreover, these results demonstrated that the 5'UTR optimization in vitro may not directly translate into the in vivo immune response, and that this difference can be dependent on the coding sequence. It may be interesting to validate different 5'UTRs (with similar or better performance than the UTR4).

Different optimal 5'UTRs can be used to optimize the expression of a specific antigen. Differences in the antigenic coding sequence can generate different mRNA structures within the 5'UTR region that can impact the mRNA translation. Following this reasoning, it may be also important to generate this library using different reporter genes (luciferase, eGFP, mCherry, among others) to validate the best performers for a given antigen. Sergio Linares Fernández

The results presented here corresponded to the preliminary results of a proof on concept study, where the primary endpoint was the antibody titers. As a proof of concept, this study has several limitations that need to be addressed in future studies. First, the use of an adequate positive control when possible, for example by including a group immunized with an adjuvanted protein-based vaccine (for example, PLA nanoparticles coated with p24). Another interesting positive control will be to construct mRNA encoding the secreted monomeric form of P24 or P17AS (with the MBL secretory signal peptide). It is known that the signal peptide can enhance the humoral response 174,188,198 , therefore we could evaluate if this slight increase is due to the signal peptide or due to the multimeric presentation. Moreover, the elicitation of humoral immune response in HIV does not correlated with protection. Performing panel neutralization studies may help to provide more information, always taking into account the limitations of the animal model in the humoral immune response.

Following the same line, challenges studies will provide the most complete information. However, as we discussed in the introduction, it is not always easy, ethical and affordable to perform this kind of studies in HIV at this early stage. Instead, a deeper evaluation of the quality of the humoral immune response can be as important/or more as measuring the antibody titers. Antibody avidity may provide further information, which can complement the neutralization and breath of the humoral response. Sergio Linares Fernández Related to the novel multimeric platform based on MBL, it is important to verify that there is not an autoimmune response due to the high homology (45%, containing 112 amino acids out the total 248 amino acids composing MBL2). The present study showed that the mice had a similar weight variation among MBL and non-MBL groups overtime, with not behavioral changes. Both, the weigh variation and behavioral changes are good indicators of animal health. Moreover, the conformation of this new multimeric MBL-antigen platform needs to be validated and characterized as well as the presence of the antigen in the germinal centers, and the germinal centers formation in vivo.

The results obtained in this thesis, provided the basic to continue the in vivo evaluation of a mRNA vaccine against HIV. A deeper, characterization of the immune response against the selected antigens is required. Moreover, the immune response can be better tailored to tackle HIV-1 (for example, encoding cytokines and chemokines to elicit mucosal humoral immune responses), and an optimization of the delivery systems by a novel type of formulation, or the use of the new generation of ionizable lipids which might drastically impact the potency of the platform, here designed. Sergio Linares Fernández

General Conclusions

The general conclusion of this study can be summarized as follow.

The longer poly-A tail containing 148-A provides the best mRNA expression in vitro.

The synthetic UTR4 with high ribosome loading provided an advantage in in vitro studies, whereas its evaluation in vivo using the env DRss antigen did not provided a clear improvement in the seric IgG levels.

The vaccinia capping system provided more higher eGFP expression compared to ARCA capping. However, the vaccinia capping system also required more time, the implementation of additional quality controls and a bigger bath to batch variability.

The double purification of cellulose and phosphatase provided the best antigen expression in vitro. This difference was higher in DC 2.4 than in HeLa cells.

The mRNA expression of the antigens based DRss gp160 env proteins or p24 was validated in vitro using antibodies available in the laboratory. No conformational antibodies were used for these antigens because their conformation was already validated (DRss), or was not relevant for the immunogenicity.

Antigens whose structure or epitopes were important for the adequate immune response were validated with adequate Sergio Linares Fernández antibodies. This includes the p17AS antigens, whose expression was validated with bNAb 2F5 or the MBL-eOD-GT8, whose expression was validated with bNAb VRC01.

LNPs optimal formulations with high encapsulation efficiency (>80)

were reproducible and have small hydrodynamic diameter (80-120nm), low polydispersity index (<0. 
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 136260345 Summary of different licensed vaccination platform. .............................................................Summary of different vaccine candidates against HIV. ...........................................................Synthetic 5'UTR Primer Sequences. ......................................................................................144 Primers sequences used for cloning the HIV-1 antigens into the optimized IVT-plasmids.....188 Summary mRNA antigen selection ........................................................................................195 Table 6 Summary L-7601 eGFP mRNA-LNP formulation ....................................................................201 Table 7. Summary of the LNPs-mRNAs encoding HIV antigens. .........................................................203 Table 8. LNP mRNAs encapsulation and quantity injected per mice...................................................224 Table 9 LNP-DRss UTR4 mRNA formulation characterization. ............................................................304 Table 10 LNP-DRss HBB mRNA formulation characterization .............................................................305 Table 11 LNP-p17AS UTR4 mRNA formulation characterization .........................................................306 Table 12 LNP-MBL-p17AS UTR4 mRNA formulation characterization.................................................307 Table 13: LNP-p24 UTR4 mRNA formulation characterization ............................................................308 Table 14: LNP-MBL-p24 UTR4 mRNA formulation characterization....................................................309 Table 15: LNP-eOD-GT8 UTR4 mRNA formulation characterization ...................................................310 Sergio Linares Fernández Thèse Résumé Optimisation d'une plateforme de vaccin ARNm contre le VIH-1: de la conception de la transcription in vitro à l'expression des protéines d'enveloppe Le développement du premier vaccin à ARNm contre la pandémie de coronavirus de 2020 fait désormais partie des annales de la vaccinologie. Cependant, la réactogénicité globale de cette première génération de vaccins à ARNm est loin d'être parfaite. Le but de cette thèse concerne la conception et l'optimisation de l'efficacité d'un vaccin ARNm contre le VIH-1 de l'optimisation de la séquence ARNm à sa production et purification, jusqu'à la sélection de l'antigène et de la preuve de concept in vivo. Nous avons conçu et optimisé les séquences non-traduites d'ARNm codant pour l'eGFP et comparé l'impact de ces séquences sur la traduction par rapport à un ARNm standard basé sur les régions non traduites de la β-globine humaine. Tout d'abord, nous avons évalué in vitro l'impact de différentes tailles de queues poly-A et avons continué en modifiant la séquence 5'UTR avec des séquences synthétiques permettant un recrutement efficace des ribosomes. Cette étude nous a permis de démontrer l'impact positif d'une séquence poly(A) de 148 unités et de l'UTR4 synthétique, et de construire les bases non-codantes de notre ARNm de travail ou ARNm optimisé. Une fois les séquences Sergio Linares Fernández optimisées, nous nous sommes concentrés sur la production et la purification des sous-produits d'ARNm générés lors de la réaction de transcription in vitro. Pour cela, nous avons ajouté une structure coiffe à l'ARNm en utilisant des analogues ou une réaction enzymatique, puis éliminer l'ARNm double-brin avec de la cellulose, et traité les ARNm par la phosphatase. Nous avons ainsi montré que l'addition enzymatique d'une structure coiffe couplé à une purification cellulose plus un traitement à la phosphatase permettaient d'augmenter d'environ 300% l'expression de l'eGFP in vitro. Nous avons ensuite utilisé les avantages de cette plate-forme d'ARNm dans la conception d'un candidat ARNm contre le VIH-1. Nous avons sélectionné 7 séquences antigéniques différentes, et leurs séquences codantes respectives ont été clonées dans notre ARNm optimisé. Dans le but d'améliorer la réponse immunitaire, un nouveau domaine permettant une multérisation de la protéine cible a été ajouté en partie N-terminale de certains antigènes. Les ARNm ont ensuite été formulés en nanoparticules lipidiques (MC3: DSPC: Cholesterol: DMG-PEG-2000) par microfluidique. Les formulations ont été caractérisées par diffusion de la lumière (pour le diamètre, le potentiel Z et la polydispersité) et par fluorimétrie pour mesurer l'encapsulation de l'ARNm. Les résultats ont démontré une efficacité d'encapsulation globale élevée, une petite taille des particules et une charge quasi-neutre. La traduction des ARNm Sergio Linares Fernández encapsulés a été validée in vitro par immunofluorescence. Ces résultats nous ont permis de poursuivre la preuve de concept in vivo chez la souris. Des souris CB6F-1 ont été immunisées avec le complexe LNPs-ARNm pour évaluer la réponse immunitaire humorale. Sept groupes de six souris ont été immunisés par voie sous-cutanée avec les ARNm complexés dans les LNP. Les souris ont été immunisées avec trois doses faibles d'ARNm (1,5 ug ou 3 ug) aux jours 0, 14 et 28. Des IgG sériques ont été observées dans 6 des 7 groupes. Nous avons observé une augmentation non-significative des IgG sériques anti-env entre les groupes 5'UTR-4 et HBB-5'UTR. La protéine multimérique a montré une augmentation du titre d'IgG sérique par rapport aux homologues d'ARNm codant pour des protéines monomériques, bien que ces résultats doivent être complétés et validés. Enfin, et quel que soit le groupe de souris analysé, aucune production d'IgA n'a pu être détectée dans les lavages vaginaux. Dans l'ensemble, les résultats présentés dans cette thèse encouragent la poursuite de l'évaluation préclinique d'un candidat vaccin ARNm du VIH-1 dans d'autres modèles animaux, comme le lapin. De plus, du fait de la polyvalence de la technologie de l'ARNm, notre plate-forme d'ARNm optimisée pourra être utilisée contre d'autres maladies infectieuses. Sergio Linares Fernández Thesis Summary Optimising a mRNA Vaccine platform against HIV-1: from the in vitro transcription design to envelope protein expression The development of the first mRNA vaccine against the coronavirus pandemic of 2020 is now part of the annals of vaccinology. However, the overall reactogenicity of this first generation of mRNA vaccines is far to be perfect. The aim of this thesis concerns the design and optimization of potency of a mRNA vaccine against HIV-1, starting from the mRNA sequence, production, purification, to the antigen selection and the in vivo proof of concept. Therefore, we designed and optimized the sequence of a standard mRNA backbone based on the untranslated region of the human βglobin. First, we evaluated in vitro the impact of different poly-A tails, and continue modifying the 5'UTR sequence with synthetic high ribosome loading sequences, demonstrating the benefit of a long poly A tail of 148 adenines and the use of the synthetic UTR4. Once optimised the sequences, we focused in the production and purification of mRNA byproducts generated during the in vitro transcription reaction. We capped the mRNA using antireverse cap analogs and enzymatic vaccinia capping, to later treat and purify the mRNA with cellulose, phosphatase or using a double purification. The results showed up to a 300% increased on eGFP expression in vitro. Sergio Linares Fernández Once optimised the mRNA platform, we applied these advantages into the design of a mRNA candidate against HIV-1. We selected 7 different antigenic sequences to encode them into our platform. Among the antigens, we fused some of the antigens to a novel multimeric-protein, looking forward to improve the immune response. Moreover, the mRNAs were formulated into lipid nanoparticles (MC3: DSPC: Cholesterol: DMG-PEG-2000) by microfluidics. The formulations were characterised by dynamic light scattering (for size, Z-potential and polydispersity) and by fluorometric assay to measure the mRNA encapsulation. The results demonstrated an overall high encapsulation efficiency, small particle size and quasi-neutral charge. All the mRNAs expression was validated in vitro using by immunofluorescence. These results allowed us to continue to the in vivo proof of concept in mice. CB6F-1 mice were immunized with the LNPs-mRNA complex to evaluate the humoral immune response. Seven groups, containing six mice per group, were immunized subcutaneously with the mRNAs complexed in LNPs. Mice were immunized with three low doses schedule at days 0, 14 and 28, containing 1.5 μg or 3 μg. Seric IgG was observed in 6 out 7 groups. We observed a not significant improvement in the seric IgG anti-env between the 5'UTR-4 and the HBB-5'UTR. The multimeric protein showed an improvement in the seric IgG compared to the monomeric mRNAs counterparts, although the results should be completed and Sergio Linares Fernández validated. Finally, no IgA antibodies were detected in the vaginal lavages in any of the conditions.Altogether, the results presented in this thesis encourages the continuation of the preclinical evaluation of a HIV-1 mRNA vaccine candidate in others animal models, such as rabbits. Moreover, the versatility of mRNA technology may help to use the optimized mRNA platform, here designed, against others infectious diseases. Sergio Linares Fernández humoDC: DC derived from human monocytes Major histocompatibility complex I.

  represent an illustration made on 1896 about the effect of the variolation (left) compared to vaccination (right) 12 days after inoculation.
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 1 Figure 1. Comparison between Variolation (left) vs Vaccination (Right) 12 days after the inoculation. Image adapted from: A comparison between smallpox and cowpox pustules on the 12th and 13th days of the disease.Chromolithograph, 1896, after G. Kirtland. Credit: Wellcome Collection. 
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 2 Figure 2. "Dr Jenner performing his first vaccination, 1796". Oil painting by Ernest Board. Credit: Wellcome Library.The invent of Jenner was spread throughout Europe like wildfire. However,
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 3 Figure 3. Balmis's expedition map Route of theRoyal and Philanthropic Vaccine Expedition (1803- 12). Original illustration from[START_REF] Bennett | War Against Smallpox: Edward Jenner and the Global Spread of Vaccination[END_REF] .
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 4 Figure 4. Louis Pasteur (left) watching a colleague trephining a chloroformed rabbit during his research on rabies vaccination. Wood engraving. Credit: Wellcome Library, London.
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 5 Figure 5. Gaston Ramon working in the inactivation of diphtheria toxin with formaldehyde.
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 6 Figure 6. Map route of the 1925 Diphtheria antitoxin serum run to Nome, Alask. Reference 8 .

  platform, the selection and design of AS were empirically, but the better understanding of the innate immune system and the mechanisms of action of AS drifted their development towards a rational design. The research in adjuvant systems has led to the licence of safer a potent vaccine 9 .

Figure 7 .

 7 Figure 7. Adjuvant systems timeline. Original figure from 9

Figure 8 .

 8 Figure 8. Reverse vaccinology approach used for the development of Neisseria meningitidis serogroup B vaccine. Original figure from 10

  ) requires the recognition of the cellular receptors CD4 and one of the following two co-receptors, CCR5 or CXCR4, by the envelope protein (env). Those receptors are expressed on the surface of T lymphocytes, monocytes, macrophages and dendritic cells, making these subsets of cells the primary reservoir of HIV in the human body. Once inside the cells, the ssRNA is reverse transcribed to DNA. Then, the DNA is translocated through the nuclear pore and integrated into the cell genome. At this stage, HIV can be immediately active or remain "dormant" as a proviral form for days, weeks or even years. When the viral activation occurs, HIV hijacks the cell to become it a viral factory. First, the viral DNA is transcribed into mRNA by the cellular RNA polymerase. Some viral mRNAs are spliced inside the nucleus, meanwhile the viral RNA genome remains intact. Then, the different mRNAs bind to the protein rev to initiate the export outside the nucleus.Once outside the nucleus, some mRNAs are translated into proteins while others are packaged into new virus. Some proteins are localized in the cytoplasm (such as gag-pol-pro polyprotein), while others are addressed to the endoplasmic reticulum and undergo posttranscriptional modifications (as for the maturation of the env protein, with glycosylations Sergio Linares Fernández

  and a proteolytic cleavage by furin

Figure 12 .

 12 Figure 12. Estimated number of people living with HIV in 2016 by WHO region. Source WHO

Figure 13 .

 13 Figure 13. HIV vaccine efficacy trials from 2003 to 2020. Source AVAC

  control of viral replication in infected individuals. This fact leads to the generation of a new set of vaccines based on DNA and viral vectors, but this time including gag, nef, and other proteins of HIV apart from the env. a) DNA Vaccines The stability of DNA compared to RNA, its easy production and positive proof of concept in small animals led to the development of different DNA vaccines. Since 2001, at least ten candidate DNA vaccines were evaluated in phase I clinical trials. The latest trial was HVTN505, whose design was based on three vaccination regimens with a priming injection of DNA encoding clade B: gag, nef, pol proteins and clades A, B, C env proteins, followed by a boost with adenovirus 5 (ad5) encoding clade B gag and pol and clades A, B and C env. The trial was stopped in the midterm due to a lack of efficacy 38 . b) Adenovirus (Ad) Another viral vector based on adenovirus was developed instead of the poxvirus vectors. Adenovirus was previously used in research for the development of gene therapies. Since 2003, there are 43 vaccine candidates based on adenovirus in the International AIDS Vaccine Initiative IAVI data base. The most relevant was the STEP trial (2005) based on the recombinant Ad5 expressing the HIV gag, pol and nef proteins from Sergio Linares Fernández subtype B. In earlier stages, the STEP trial proved to be safe and immunogenic. However, the trial was stopped in 2007 due to increased HIV acquisition in the vaccinees versus placebo arms 39 . c) ALVAC-Second Generation The development of an earlier candidate based on ALVAC set up the basis for a new vaccine candidate who would trigger more potent CTL immune responses. This second generation of ALVAC based vaccine (as ALVAC-vCP1521) encoded gag and other HIV proteins to broaden the CTL response.The RV144 clinical trial in Thailand40 (2003-2009) has consisted to the combination of a priming injection with ALVAC (vCP1521) and a boost with AIDSVAX® B/E. This vaccination strategy provided for the first time some protection (31.2%) against HIV infection, showing that a prophylactic vaccine against HIV was doable. Post-clinical trial analysis of the RV144 proposed that antibodies against the V1V2[START_REF] Karasavvas | The Thai Phase III HIV Type 1 Vaccine Trial (RV144) Regimen Induces Antibodies That Target Conserved Regions Within the V2 Loop of gp120[END_REF][START_REF] Haynes | Immune-Correlates Analysis of an HIV-1 Vaccine Efficacy Trial[END_REF] regions of env may protect against infection, whereas high levels of Ig-A antibodies mitigated the effect. Sergio Linares Fernández

  and structural biology have allowed to tailor the immunogens design in order to elicit heterologous viral neutralizing antibodies. Some examples are analysed bellow.

Figure 14 .

 14 Figure 14. SOSIP trimer modifications. In the top the wild type protein domain. in the bottom the modified env trimer SOSIP. Adapted from 55 d) Germ-Line Targeting Immunogens.

Figure 16 .

 16 Figure 16. Mosaic immunogens. Overall coverage of vaccine candidates. Coverage of nine-mers in C clade and M-group sequences using different input data sets for mosaic optimization, allowing different numbers of antigens, and comparing different candidate vaccines. Exact (blue), 8 of 9 (one-off; red), and 7 of 9 (two-off; yellow) coverage was computed for mono-and polyvalent vaccine candidates for Gag and Nef (core) for four test situations: within clade (C clade-optimized candidates scored for C-clade coverage), between-clade (B clade-optimized candidates scored for C-clade coverage), global-against-single-subtype (M group-optimized candidates scored for C-clade coverage), global-against-global (M group-optimized candidates scored for global coverage). Within each set of results, vaccine candidates are grouped by number of sequences

  An optimal env density facilitates B-cells' activation with multiple crosslinking of env-B cell receptor enabling the accessibility of all env epitopes. A high concentration of env at the particle surface can lead to steric hindrance, and too low level of env proteins can prevent the crosslinking of different BCRs required for the B cell activation. Sergio Linares Fernández Env orientation: It is essential to have an adequate orientation at the particle surface to properly expose the epitopes of interest. Other orientations can expose new artefact epitopes (like the bottom of the gp120 or the transmembrane region of gp41), decreasing the immune response against the protective regions.

Figure 17 .

 17 Figure 17. Tailoring Nanoparticle design for HIV vaccines. (Figure obtained from 62 )The use of multivalent particles has proven to enhance the humoral

  HVTN 705 and HVTN 706: The HVTN 705 design is based on two priming doses using mosaic antigens of conserved HIV regions of env/gag/pol encoded in Ad26.Mos4.HIV (consisting of Ad26.Mos1.Gag-Pol, Ad26.Mos2.Gag-Pol, Ad26.Mos1.Env, and Ad26.Mos2S.Env clade C), and two boosters of the ad26.Mos4.HIV combined with 250μg of clade C gp140 protein adjuvanted with aluminium phosphate. The HVTN 705 is being performed in woman at risk from sub-Saharan Africa, and the HVTN 706 in men who have sex with men (MSM) and transgender people. The preliminary results demonstrated a potent cellular and humoral immune response in humans. Moreover, the study in NHP demonstrated a similar immune response compared to the one elicited in humans and an efficacy of 67% after viral challenge. 61 PrepVacc: The aim of the PrepVacc study was to address the efficacy of two vaccines regimens based on DNA/ AIDSVAX or DNA/CN54gp140+ MVA/CN54gp140 combined with the use of PreP. The study started in 2020, and will finish in 2023. The primary objective is to evaluate if there is a significant decrease in HIV prevalence among the different regimes. Sergio Linares Fernández III. mRNA Vaccines 1. Origin and Blossoming of mRNA Vaccines a) The Origin of mRNA Vaccines The first use in vivo of mRNA therapeutics dated from 1990. In this study, Wolff et al. demonstrated transient expression of naked IVT mRNA in the muscles of mice 68 . This study provided the first in vivo proof of concept that IVT-mRNA could be used to deliver genetic information for the production of proteins. In 1993, Frédéric Martinon et al. demonstrated the induction of cytotoxic T lymphocytes against influenza nucleoprotein in mice with their liposome-mRNA formulation 69 . The pioneer work of Martinon et al. was complemented by Conry et al. with the demonstration of the induction of humoral immune response in 1995 70 . Conry et al. used their liposome formulation containing mRNA encoding the human carcinoembryonic antigen (CEA) (already stabilized with the HBB 5' and 3'UTR regions) in mice and demonstrated the induction humoral immune response 70 . These works settle the basic principles of mRNA vaccines, and lead in 2007 to the first intradermal injection of naked mRNA 71 in human, while many others studies in cancer and infectious diseases have been realized in the subsequent years.

  of mRNA innate immunity: The increase of interest of RNA vaccine research after the failure of DNA vaccines leaded to the improvement of the technology by decreasing the innate immune response of mRNAs molecules produced by in vitro transcription reaction, first by the use of modified nucleosides and later to the purification of Sergio Linares Fernández dsRNA by-product. These advances allowed a huge increase in the translation of proteins. LNP and ionizable lipids as a delivery system of mRNA: Another important milestone was the development of a safe, biocompatible and effective delivery system. Decades of research have resulted in different delivery systems, but LNPs are providing the best outcomes up to date. The development of LNPs based on ionizable lipids allowed a high mRNA encapsulation efficiency (to protect the mRNA from endonucleases), an efficient delivery in the cell cytoplasm with limited toxic effect (in contrast to the toxicity shown by cationic lipids). Besides, this technology demonstrated to be scalable and reproducible, essential for vaccine mass production. All these milestones and historical events allowed the development of two COVID-19 vaccines for its use under emergency in the record time of less than a 1 year since the access and identification of the pathogen sequence.

Figure 18 .

 18 Figure 18. Mechanism of Action mRNA vaccines: A) mRNA is inoculated. B) Local inflammation response. C) Immune cells migrate to the site of injection due to chemokine attraction. D) APC uptake of mRNA. E) mRNA is inside the endosome. F) Escape of mRNA from the endosome to the cytoplasm. G) mRNA molecules can be translated, degraded or recognized by different PRRs in the endosome or in the cytosol H) The mRNA in the cytosol can be translated into proteins. I) Cytoplasmic antigens are degraded by the proteasome. J) The signal (in blue) can direct the antigen towards different cellular compartment or promote antigen's secretion, the secretion will enhance B cell activation through BCR and MHC-II presentation which will lead to the production of antibodies. K) After antigens are cleaved by the proteasome, peptides charged in MHC-I and MHC-II molecules. L) The mRNA is degraded by internal RNases M) Activated-APC with mRNA molecules migrate to the draining lymph node for antigen presentation. N) Activation of T & B cells, mRNA can activate still PRRs and generate new antigens until mRNA is completely cleared.

Figure 19 .

 19 Figure19. Impact of ionizable lipids pKa for in vivo delivery. A) Impact of gene silencing after LNPs intravenous administration (Adapted from[START_REF] Cullis | Lipid Nanoparticle Systems for Enabling Gene Therapies[END_REF] ). B) Impact of IgG production after LNPs Intramuscular administration (Adapted from[START_REF] Hassett | Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines[END_REF] 

  the D-Lin-MC3-DMA or MC3, which is currently used in the first siRNA FDA approved drug Patisiran (approved in 2018). A new generation of ionizable lipids surpassed by several folds the potency of MC3, like the ALC-0315. These new generations of cone shaped ionizable lipids, are more efficient in cytoplasmatic delivery, presumably due to their shape[START_REF] Buschmann | Nanomaterial Delivery Systems for mRNA Vaccines[END_REF] .

Figure 20 .

 20 Figure 20. Impact of lipids shape in their supramolecular structures. A) The lipids can have three different shapes cylindrical, inverted cone and conical. Each shape facilitates the generation of supramolecular structures, cylindrical lipids generate stable bilayers, inverted cone shapes facilitate the production of micelles and finally conical shape enhanced the assembly into hexagonal HII supramolecular structures. B) Proposed Mechanism Whereby LNP Containing Ionizable Cationic Lipids and Genetic Drugs Deliver Encapsulated RNA to the Cell Cytoplasm. The LNP is accumulated into target cells by endocytosis following adsorption of ApoE.As the pH of the endosome is reduced by inwardly directed proton pumps, the ionizable cationic lipid becomes progressively protonated (positively charged). Endogenous anionic lipids displace the cationic lipids from RNA and combine with the cationic lipids to produce non-bilayer structures resulting in disruption of the endosomal membrane and release of the genetic drug into the cell cytoplasm (Text and figure used in B adapted from[START_REF] Cullis | Lipid Nanoparticle Systems for Enabling Gene Therapies[END_REF] ).

  use of microfluidics technologies to generate LNPs-RNA complexes has impacted the advance on mRNA field Figure 21. This technology allows a high encapsulation efficacy, reproducibility from batch to batch and scale-up 99 . The use of herringbone micromixer (SHM) and toroidal micromixer (TrM) has been a technological advance for the in vivo application of RNA therapeutics due to its simplicity, reproducibility and efficiency compared to the T-tube mixer technology 100 . The SHM technology is able to mix an aqueous phase containing the mRNA with an organic phase containing a solution of lipids Figure 21A. The organic phase can contain different molar lipid ratios; however, the most standard molar proportion of lipids consist of a molar ratio of 50:10:38.5:1.5 (ionizable Sergio Linares Fernández lipid: helper lipid: cholesterol: PEG lipid) 81,101-103 . The mRNA is generally diluted on citrate, TRIS or sodium acetate buffer which provide an acidic environment (pH 4-5.5) 104,105 . The acidic pH is important to confer a positive charge to the ionizable lipid during the mixing procedure. The positive charged lipids can interact with the RNA phosphate groups Figure 21B, granting a high RNA encapsulation. The mRNA coated with ionizable lipids exposes the hydrophilic tails that allows the hydrophobic interaction with the other lipids Figure 21C. Finally, the mRNA is located inside the LNPs in a stable complex Figure 21D. The solution required a purification/buffer exchange step with a physiological buffer such as PBS, before use in vivo. Sergio Linares Fernández

Figure 21 .

 21 Figure 21. Microfluidic herringbone micromixer (SHM) formulation of LNP-mRNA. A) The organic phase containing the lipid mixture is mingled in the SHM channel with the aqueous phase containing the mRNA. B) The acidic pH protonates the ionisable lipids, leading to the ionic interaction between the ionized lipid (positively charge) and the mRNA phosphate groups (negatively charge). C) The hydrophobic interactions between the different lipid tails increase, promoting the encapsulation. D) The LNP-mRNA complex is generated at the end of the process; the mRNA is located inside the LNP particle.

Figure 22 .

 22 Figure 22. Timeline for mRNA-1273's progression to clinical. Figure obtained from 108 b) Formulation Summary

Figure 23 .

 23 Figure 23. Adjusted vaccine effectiveness (with 95% confidence intervals) against COVID-19 among hospitalized † adults aged ≥65 years, by vaccination status -24 medical centers in 14 states, January-March 2021. Source 124
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 11 Combining an Optimized mRNA Template with a Double Purification Process Allows Strong Expression of In Vitro Transcribed mRNA II. Chapter 2: Validation of the mRNA Expression into Antigens. III. Chapter 3: In vivo Evaluation of Different mRNA Vaccine Candidates Sergio Linares Fernández Chapter Combining an Optimized mRNA Template with a Double Purification Process Allows Strong Expression of In Vitro Transcribed mRNA 1. Abstract mRNA is a blooming technology for vaccination and has gained global attention during the SARS-CoV-2 pandemic. However, the recent clinical trials have highlighted increased reactogenicity when using high mRNA doses. Intending to increase the potency of mRNA therapeutics and to decrease the therapeutic dose, we designed an mRNA backbone and optimized the mRNA purification process. We used the eGFP reporter gene flanked by one 5' and two 3' UTRs of the human -globin as a reference mRNA. First, we assessed the modulation of translation according to different poly-A sizes. Once chosen the optimal poly-A size, we selected the best 5'UTR among six synthetic sequences displaying a high ribosome loading. Finally, we determined the transfection efficiency of our standard mRNA template after two capping strategies and purification using either dsRNA depletion, dephosphorylation of 5'PPP RNA or both combined. Our results showed that the double purification increased up to 3-fold eGFP expression in DC2.4 dendritic cell line compared to the unpurified mRNA. Altogether, the use of a newly defined 5'UTR coupled to post-transcriptional treatments will be of great interest in the mRNA vaccine field, by limiting the amount of the antigen-coding transcript, subsequently the formulation components needed for an efficient vaccination. Sergio Linares Fernández2. IntroductionThe use of mRNA as a vaccine candidate is transforming the field of vaccinology and has the potential to initiate a new era on the prevention of infectious diseases 131 . In addition to their safety profile, the principal advantages of the mRNA as a vaccination platform are speed and versatility during their development and the cost and scalability in their production, which makes them the perfect platform to tackle pandemics. Several candidates based on mRNA are in development against SARS-CoV-2. Two of these candidates have provided exceptional preliminary results (>90% efficiency) in phase III clinical trials in a record time and are currently used worldwide. However, lessons learnt from phase I of the clinical trials emphasize the importance to increase the potency of mRNA therapeutics to decrease the reactogenicity 132 . Indeed, the use of high doses of mRNA formulated with lipid nanoparticles (LNPs) provided some side effects in the candidates mRNA-1273 116 and BNT162b1 133 . Moreover, increasing the potency of mRNA vaccines is crucial for dose sparing, which will decrease the production cost and increase the number of doses of potential life-saving vaccines, extremely needed in the current and future pandemics. To improve the potency of mRNA vaccines and optimize the mRNA stability, researchers focused early efforts through modifications of the untranslated sequences. Indeed, due to their long half-life and efficient protein production, the use of highly stable untranslated regions (UTRs) Sergio Linares Fernández from the α and β-globin genes from Human or Xenopus laevis improved the mRNA stability 70,134 . Later, the use of two copies of the 3' UTR of βglobin in tandem improved the stability and the translational efficiency of mRNAs. Recent studies provided promising results such as optimizing the 3'UTR region by selecting stable sequences 115,135 and using two copies in tandem 115 . Another strategy to improve mRNA stability was to tailor the poly-A region. Initially, Holtkamp et al. found that 120 adenosines were optimal for translation in human dendritic cells 136 . However, the impact of the poly-A size has been recently re-evaluated, demonstrating optimal sizes of longer tails ( 300 A) 137 . Furthermore, apart from the mRNA stability, balancing the innate and adaptive immune systems is critical in mRNA vaccines 138 . A breakthrough to achieve this balance was accomplished by the impairment of the innate immune system by blocking the activation of pattern recognition receptors (PRRs) through different approaches. dsRNA generated during in vitro transcription (IVT) synthesis is the major contributor in the immunogenicity 139 . dsRNAs contaminants can be purified by HPLC 140 or cellulose chromatography 141 or diminished during the IVT reaction with thermostable T7 polymerase 142 or through Mg 2+ concentration lowering 139 . Others strategies aim to impair the PRRs recognition of IVT mRNA with the use of modified nucleosides 143 , the uridine depletion in the coding sequence 112 or by dephosphorylation of 5'PPP mRNAs 144 . Sergio Linares FernándezThis study aimed to improve the overall mRNA expression and therefore, its potency for future vaccine or therapeutic purposes. To do so, we improved the state-of-the-art sequence, production and purification methods to provide the "know-how" to achieve high potency mRNA vaccines. First, we set our standard mRNA by flanking the enhanced green fluorescent protein (eGFP) coding sequence with the 5' UTR and two copies in tandem of the 3' UTR of the human β-Globin gene. Then, we evaluated in two different cell lines the impact of the poly-A length into this standard mRNA backbone. We used the same approach after exchanging the 5'UTR of the human -globin by high ribosome loading synthetic sequences. Additionally, this study was to improve the mRNA purification based on cellulose chromatography by including a phosphatase treatment and following its impact in the protein expression.Altogether, these results showed a difference in expression patterns of these mRNAs between the two cells lines, and allowed the determination of 5'UTR sequences positively impacting the translation efficiency of mRNA. Moreover, an adequate treatment of the IVT-mRNA (Vaccinia capping, dsRNA and 5'PPP depletions) increased eGFP expression by three folds. Sergio Linares Fernández 3. Materials and Methods a) Production of DNA Templates The initial plasmid (called p40A-IVT) contained the T7 promoter and the eGFP reporter gene flanked by the 5'UTR and two copies in tandem of the 3'UTR of the human β-Globin mRNA (HBB gene). The end of the 3'UTR contains a poly-A tail region (A)40, and a unique BspQI site downstream the poly-A. This type-IIS restriction enzyme will allow the linearization of the plasmid after the last adenosine of the poly-A stretch. Another synthetic gene (called poly-A), consisted of a 40A sequence flanked by BfuAI and BtgZI sites, was used to elongate the poly-A tail. GenScript (Netherlands) produced both synthetic genes. To get a longer poly-A tail, the BfuAI/BtgZI restriction fragment of the poly-A plasmid was inserted into the BspQI site of the p40A-IVT vector, generating the p76A-IVT construct with a poly-A stretch of 76 units. Two more rounds of digestion/insertion allowed the production of the p112A-IVT and p148A-IVT plasmids. Finally, a new set of plasmids was generated by exchanging the 5' β-globin UTR with the new synthetic sequences. For that, synthetic 5'UTR regions with high ribosome loading were chosen from a database (NCBI Gene Expression Omnibus: GSE114002). The original library ID sequences used for this study are (UTR1, 33372; UTR2, 324103; UTR3, 241769; UTR4, 317915; UTR5, 215240; UTR6, 100382). The sequences were slightly modified to include in the 5' and 3' ends, a HindIII site and a NcoI site that is part of the Kozak sequence, respectively. The synthetic 5' UTR inserts Sergio Linares Fernández
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 24 Figure 24. Strategies followed for the IVT mRNAs purification treatments d) Cell Culture

Figure 25 .

 25 Figure 25. Flow cytometry gating strategy. A) Gating strategy followed in no transfected cells. B) Final gate of transfected cells. The eGFP geometric intensity was calculated only among the positive eGFP population.
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 26 Figure 26. Strategies used to increase mRNA potency. A) Poly-A-tail. The ARCA capped mRNA backbone consists in an eGFP reporter gene flanked by the 5'UTR and two copies in tandem of the 3'UTRs of the human β-Globin and ended with a 76, 112 or 148 polyadenylated tail. B) Synthetic 5'-UTRs. In the mRNA backbone containing the optimal poly-A148 tail (148A-mRNA), the 5' β-Globin UTR region was replaced by synthetic sequences with high ribosome loading to generate UTR1 to UTR6 mRNAs. C) Optimization of IVT mRNA production and purification steps. The standard IVT 148A-mRNA was produced in the presence of ARCA, or capped using the Vaccinia virus enzyme. Then,
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 27 Figure 27. Impact of the poly-A size on eGFP expression in HeLa cells. 76A, 112A and 148A-mRNAs were transfected (125ng mRNA per well, 48-well plates). Fluorescence microscopy analysis was performed 24 hours post-transfection (A). Images were obtained using equal acquisition parameters, and scale bar is 100 m. B) Time course analysis of eGFP expression in cells transfected with the different poly-A mRNAs was performed by flow cytometry. The measurements were acquired at 4, 24, 48, 72 and 144 hours post-transfection and results are expressed as the mean +/-SD of 3 independent experiments with four technical replicates. Results are represented as the percentage of change with respect to normalized EGFP expression of 112A-mRNA at 24 hours post transfection. C) Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels were normalized to that of 112A-mRNA assay. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

  Figure 27. Impact of the poly-A size on eGFP expression in HeLa cells. 76A, 112A and 148A-mRNAs were transfected (125ng mRNA per well, 48-well plates). Fluorescence microscopy analysis was performed 24 hours post-transfection (A). Images were obtained using equal acquisition parameters, and scale bar is 100 m. B) Time course analysis of eGFP expression in cells transfected with the different poly-A mRNAs was performed by flow cytometry. The measurements were acquired at 4, 24, 48, 72 and 144 hours post-transfection and results are expressed as the mean +/-SD of 3 independent experiments with four technical replicates. Results are represented as the percentage of change with respect to normalized EGFP expression of 112A-mRNA at 24 hours post transfection. C) Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels were normalized to that of 112A-mRNA assay. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure 28 .

 28 Figure 28. Impact of the poly-A size on eGFP expression in DC2.4 cells. 76A, 112A and 148A-mRNAs were transfected (250ng mRNA per well, 48-well plate). Fluorescence microscopy analysis was performed 24 hours post-transfection (A). Images were obtained using equal acquisition parameters, and scale bar is 100 m. B) Time course analysis of eGFP expression in cells transfected with the different poly-A mRNAs was performed by flow cytometry. The measurements were acquired at 4, 24, 48, 72 and 144 hours post-transfection, and MFIs normalized with eGFP expression of 112A-mRNA at 24 hours post-transfection. Data were determined as the mean +/-SD of 3 independent experiments with four technical replicates. C) Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels were normalized to that of 112A-mRNA assay. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.

Figure 29 .

 29 Figure 29. Microinjection of Zebra fish embryos with mRNAs containing different poly-A tails. Fluorescence microscopy representative images were taken at 24h and 48h post-injection. Eggs were injected with 1 nL of 76A, 112A or 148A-mRNAs (20 ng/μl). Scale bar is 500 μm
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 30 Figure 30. Qualitative eGFP expression of Hela cells transfected with eGFP mRNAs displaying distinct 5' synthetic UTRs. Transit reagent alone (negative control), L7601 eGFP mRNA (external control), and eGFP mRNA displaying either the 5'UTR of human β-globin or a synthetic 5' UTR (UTR 1 to UTR6) were transfected into Hela cells (125ng of mRNA per well). Fluorescence microscopy images were realized 24 hours post-transfection. Scale bar is 100 μm. The 5'UTR region is a critical region where the mRNA translation

Figure 31 .

 31 Figure 31. Qualitative eGFP expression of DC2.4 cells transfected with eGFP mRNAs displaying distinct 5' synthetic UTRs. Transit reagent alone (negative control), L7601 eGFP mRNA (external control), and eGFP mRNA displaying either the 5'UTR of human β-globin or a synthetic 5' UTR (UTR 1 to UTR6) were transfected into DC2.4 cells (250ng of mRNA per well). Fluorescence microscopy images were realized 24 hours post-transfection. Scale bar is 100 μm.

Figure 32 .

 32 Figure 32. Quantitative eGFP expression of Hela cells transfected with eGFP mRNAs displaying distinct 5' synthetic UTRs. Transit reagent alone (negative control), L7601 eGFP mRNA (external control), and eGFP mRNA displaying either the 5'UTR of human β-globin or a synthetic 5' UTR (UTR1 to UTR6) were transfected into Hela cells (125ng of mRNA per well). A/ Time course analysis of eGFP expression was performed by flow cytometry. The measurements were acquired at 4, 24, 48, and 96 hours post-transfection, and MFIs normalized with eGFP expression of 148A-mRNA at 24 hours post-transfection. Data were determined as the mean +/-SD of 3 independent experiments with four technical replicates. B/ Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels were normalized to that of 148A-mRNA assay. Statistical comparison was only based on the UTR4 mRNA. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; NS, non-significative.
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 33 Figure 33. Quantitative eGFP expression of DC2.4 cells transfected with eGFP mRNAs displaying distinct 5' synthetic UTRs. Transit reagent alone (negative control), L7601 eGFP mRNA (external control), and eGFP mRNA displaying either the 5'UTR of human β-globin or a synthetic 5' UTR (UTR1 to UTR6) were transfected into DC2.4 cells (125ng of mRNA per well). A/ Time course analysis of eGFP expression was performed by flow cytometry. The measurements were acquired at 4, 24, 48, and 96 hours post-transfection, and MFIs normalized with eGFP expression of 148A-mRNA at 24 hours post-transfection. Data were determined as the mean +/-SD of 3 independent experiments with four technical replicates. B/ Total eGFP expression of the different mRNAs was represented by calculating the area under the curve (AUC). The relative eGFP expression levels were normalized to that of 148A-mRNA assay. Statistical comparisons were only based on the UTR4 mRNA. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

Figure 34 .

 34 Figure 34. Viability and transfection efficiency in alive cells after transfection with the different constructs. A) Viability of DC 2.4 cells. B) Viability in HeLa cells. C) Transfection efficiency in alive DC 2.4 cells. D)Transfection efficiency in alive HeLa cells.

Figure 35 .

 35 Figure 35. Purification and capping validation. A) mRNA integrity for the different purification and capping conditions were checked using agarose gel electrophoresis. B) Dot-Blot analysis of the depletion of dsRNA among the different types of purified mRNA, using the anti-dsRNA J2-antibody.

Figure 36 .

 36 Figure 36. Vaccinia capping followed by cellulose dsRNA depletion and dephosphorylation of 5'PPP mRNA promoted high eGFP expression. ARCA or vaccinia capped 148A-mRNAs were submitted to a dsRNA depletion by cellulose chromatography and/or a phosphatase treatment. These mRNAs were transfected into HeLa (A) or DC2.4 (B) cells, and eGFP expression was monitored 24 hours later by flow cytometry. Transfection were realized in 48 well plates, with 125 ng or 250 ng of mRNA for Hela and DC2.4 cells. Control, untransfected cells; Trans-IT, Transit reagent without mRNA; mRNA No-Cap, uncapped 148A-mRNA; L7601, eGFP mRNA from commercial company. The relative eGFP expression levels were normalized to that of 148A-mRNA Arca non-treated. Statistical significance was assessed by nested one-way ANOVA. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; NS, non-significative.

  HeLa or DC2.4 cells were transfected with the different types of 148A-mRNAs and their eGFP expression evaluated by fluorescence microscopy 24 hours post-transfection (Figure 37). Vaccinia virus capped mRNAs provided a higher eGFP expression compared to ARCA capped mRNA in both cell lines. Moreover, among of all the transfected types of 148A-mRNAs in DC2.4 cells, those depleted of dsRNA and submitted to a dephosphorylation step showed the highest eGFP expression independently of the capping procedure. Cellulose purification alone offered an increase in protein expression compared to untreated 148A-mRNA, especially in DC2.4 cell assays. The eGFP expression was then quantified by flow cytometry 24 hours after mRNA transfection in both HeLa and DC2.4 cells (Figure 36A and Figure 36B, respectively). The results demonstrated that Vaccinia virus capping is more efficient than Arca capping in both cell lines. As presented in Figure 36A, the different treatments had no significant impact neither in the translation of ARCA capped mRNA nor in vaccinia capped mRNA in HeLa cells. On the other hand, the phosphatase treatment alone provided an unsignificant detrimental effect on eGFP expression. DC2.4 cells showed different patterns of expression among some of the purification treatments Sergio Linares Fernández compared to HeLa cells (Figure 36B). Hence, the eGFP expression of ARCA capped mRNA was significantly increased (around two-fold) after cellulose purification and dephosphorylation. The same pattern of expression was observed for vaccinia virus capped mRNA, suggesting the beneficial impact of the combined treatment, dsRNA depletion plus dephosphorylation of 5'PPP mRNAs. Finally, a three-fold increase in eGFP expression was observed between dephosphorylated/dsRNA depleted Vaccinia mRNA and untreated ARCA mRNA in DC2.4 cells.

Figure 37 .

 37 Figure 37. Impact of capping, dsRNA depletion, and phosphatase treatment into mRNA translation efficiency. ARCA or vaccinia virus capped 148A-mRNA were submitted to a dsRNA depletion by cellulose chromatography and/or a phosphatase treatment. These mRNAs were transfected into HeLa (A) or DC2.4 (B) cells, and eGFP expression was visualized 24 hours later by fluorescence. TransIT, transfection reagent without mRNA; L7601, eGFP commercial mRNA.

  4 cells. Activation by dsRNA leads to a detrimental strong innate immune activation, impairing the cellular translational machinery, and therefore the eGFP expression. In phosphatase treated samples, the presence of Sergio Linares Fernández dsRNA masks any PRRs activation by 5'PPP mRNA. After cellulose chromatography and phosphatase treatment, dsRNA contaminants are depleted, thus the decrease of 5'PPP mRNA is beneficial for the eGFP expression. The positive effect of the double purification is more pronounced in DC2.4 than in HeLa cells, possibly due to the higher expression of PRRs into DC cells and therefore their sensing capacity to contaminants. This highlights the importance of dsRNA depletion and 5'PPP dephosphorylation of mRNA used for vaccines purposes, since immune cells are more sensitive to Pathogen associate molecular patterns (PAMPS).

  An excellent example of developing a new antigen for mRNA platform was done by Robin Shattock's team (Imperial College, UK). They create a novel stabilized trimer, the ConSOSL.UFO 159 , which do not require a protease cleavage as in the case of SOSIP antigens. Furthermore, ConSOSL.UFO was optimized to be recognized by a panel of different bNAbs against different regions. The envelope conformation was Sergio Linares Fernández validated in muscle cells and 293T-17 cells by flow cytometry and cell ELISA. Pardi et al. used another strategy based on the clade C transmitted/founder envelope protein 1086.C. The wild type envelope was modified to harbour the MHC-II signal peptide and some modifications in the cytoplasmic tail 51 . The env conformation and expression were validated by flow cytometry using the antibodies CH58 160 , CH106 161 and 17b 162 . Their mRNA vaccine, based on modified nucleosides, was able to trigger Tier-2 antibodies in non-human primates. Another candidate is a self-amplifying mRNA encoding the external outer domain GT-8 (eOD-GT8 63,163 ) fused with the 60-mer lumazine synthase 164 . The antigen conformation was checked with the bNAb VRC01. The results showed a promising improvement of the immune response in the mRNA replicon vaccine assay compared to the eOD-GT-8 protein-based vaccine. It is essential to highlight that recently, the protein eOD-GT8 60-mer adjuvanted with AS01B showed promising results in expanding the VRC01 B-cell germline during the phase I clinical trial (NCT03547245), (Preliminary results disclosed on HIVr4Prep 2021). Moreover, previous studies with the eOD-GT8 demonstrated that glycan recognition by MBL proteins, targets the immunogen to the germinal centres 165 . The presence of antigens in the germinal centres is determinant 183 Sergio Linares Fernández for the somatic hypermutation of B-cells which improve the antibodyantigen affinity and ultimately leads to bNAbs.

  the pIVT-148A. All the cloning strategies were first performed in silico with the software CloneManager Professional 9.2, to verify the adequate open reading frame and the selection of unique restriction sites. The fasta sequence for the gp160 transmembrane envelope protein DRss 1086C was kindly sent by Nobert Pardi (University of Pennsylvania, USA). The original sequence contained the MHC-II signal peptide and some modifications in the cytoplasmatic tail. The DRss 1086C mRNA vaccine has demonstrated to elicit tiers-2 bNAbs in non-human primates 51 . To the DRss original sequence, 4 silence mutations were made to allow an adequate cloning and plasmid linearization (c.44G>A, c.1138C>A, c.2426C>A, c.2432C>A). The new DRss cDNA sequence was synthesized by Genescript (Netherlands) and cloned into the standard pIVT-UTR4 and the pIVT-148A plasmids using the NcoI and NotI restriction sites.

  was designed. Briefly, The Ctype lectin domain from the MBL2 (amino acids 134 -245) was deleted, Sergio Linares Fernández and the linker GGSGGSGGSGGSGGG was added to allow the fusion with the eOD-GT8 63 antigen. The cDNA sequence of the linker contained the restriction site BpU10i to allow the interchange of the antigen. eOD-GT8 was designed to prime the B cells bNAbs germline precursors to trigger VRC01 class antibodies 163 . The MBL-eOD-GT8 immunogen was synthetically produced by Genescript (Netherlands) and transferred to the pIVT-UTR4 using the NcoI and NotI restriction sites. Another two sets of antigen were based on the p17AS 166 , whose mutation (p.E17A and p.K18S) were performed to include the MPER GP-41 broad neutralizing epitope (ELDKWAS) targeted by the 2F5 167 bNAb. The myristoylation site of the P17 was also mutated (p.G2A) to avoid association to the membrane, avert any post-transcriptional modification that could interfere with the adequate protein folding and the secretion into the extracellular space.

  organic phase was composed of 50mM of a lipid mixture dissolved in absolute ethanol at a molar ratio: 50:10:38.5:1.5 (Ionizable-Lipid:DSPC:Cholesterol:PEG-Lipid). Therefore, the organic phase contained: 25mM D-Lin-MC3-DMA (ClinicScience), 5mM 1,2-distearoyl-snglycero-3-phosphocholine 18:0 DSPC (Avanti), 19.25mM Cholesterol (Sigma), 0.75mM DMG-PEG

(

  Organic:Aqueous Phase). The cartridge was loaded (Figure38) with 96 μL of PBS (Gibco) in the collection well, 64 μL of 500-650μg/mL mRNA in 100mM sodium acetate and 32 μL of 50mM of lipid mixture with the pressurization time protocol number 5. The LNPs were recovered and resuspended in 4mL of PBS before being added to the diafiltration column (10 Kda cut-off Amicon® Ultra-4 Centrifugal Filter Unit). The diafiltration was carry out at 2000g, 8ºC for 30 minutes. The LNPs were then recovered and resuspended in 700-900 μL of PBS and keep at 4ºC until its characterization and use.

Figure 38 .

 38 Figure 38. Loading Spark Cartridge 1) PBS, 2) mRNA 3) lipid mixture. Image obtained from Precision Nanosystems.

  of the GP-160 DRss envelope protein 1086C. The clade C transmitted/founder DRss envelope protein 1086.C (Figure 39A) was selected and cloned into vectors pIVT-148A and pIVT-UTR4, to helping us to compare our optimized synthetic UTR4 vs the human β-globin 5'UTR. Sergio Linares Fernández

Figure 39 .

 39 Figure 39. Clade C transmitted/founder envelope 1086C DRss protein. The CD4bd (VCR1 epitope found on eOD-GT8) and MPER (2F5 epitope found in p17AS) targeted in our study are indicated.

Figure 40 .

 40 Figure 40. Graphical representation of the MBL2 regions and the design of the MBLantigen constructs. A) MBL2 domains and additional domains used for the design. B) Representation of wild type MBL2 monomer and MBL2 hexamer of homotrimers. C) Design of the MBL-antigen with the replacement of the C-type lectin domain by a GGS linker followed by the antigen.

Figure 42 .

 42 Figure 42. eGFP expression 24 hours post-transfection of DC 2.4 cells with LNP-L-7601-1 eGFP mRNA complex in a complete medium with serum. The bar size 100 μm.

Figure 43 .

 43 Figure 43. Integrity of the mRNAs after the double purification. 1.5% Agarose gel with Ethidium Bromide.

Figure 44 .

 44 Figure 44. DLS characterization of LNPs-mRNAs encoding HIV-1 Env antigens. The left panel shows the hydrodynamic size in nm and the left panels shows the Z-potential of three independent formulations measured 3 times.

Figure 46 .

 46 Figure 46. HeLa cells transfected with Env mRNAs to validate antigen expression. In the left pictures, HeLa cells were no transfected. In the middle pictures, HeLa cells were transfected with TransIT. In the right pictures, HeLa cells were transfected with LNPs-mRNA complex. All the cells were stained with primary (DRss 5H4D12 // MBL-eOD-GT8 VRC01) and secondary antibody Dylight 488 (Green), and the cell nucleus labelled with DAPI (Blue). The bar represents 100μm.

  with the Benchtop instead of the Spark. The advantage of the formulation performed with benchtop is that it allows the selection of the flow rate ratio (FRR), the total flow rate (TFR) and the suboptimal complexed LNPs obtained at the beginning and at the end of the formulation can be discarded 105 compared to the formulation performed in Spark. The main advantage of the Spark is the low cost of the reagents per run (approx. 100-200 euros/run) compared to the high cost in lipids and mRNA required for the Benchtop (approx. 500-600 euros).

Figure 48 .

 48 Figure 48. Mice weigh was followed overtime after mRNA vaccination. Mice were labelled the 26th of February. Injections were performed the 4 th , 18 th of March and 1 st of April. Bleeding was performed the 2 nd , 16 th , 30 th of March and 12 th of April.

  animal at time day -2, 12, 26 and 39 after the first injection. Animals were placed under local anaesthesia with a drop of tetracaine in the sampling eye and others were placed under general anaesthesia with isoflurane 4.5 % for induction and 3% for maintenance for a maximum time of 15 minutes (Depending of the researcher). Collected Blood samples were heated at 37ºC for 30 minutes to clot the blood. Them, samples were centrifugated at room temperature and for 10 minutes at 10 000 g. The supernatant containing the serum was then transferred to a new Eppendorf tube and centrifugated under the same conditions. Finally, the last supernatant was stored at -20 ºC until the analysis by ELISA.

  Serum samples were diluted 100 times, adding 5 μL of serum to 495 μL of PBS-1%BSA and then were diluted to 1/800, 1/6400, 1/51200 and 1/409600. Meanwhile the vaginal samples were diluted 10 times, adding 10 μL of vaginal lavage to 90 μL of PBS-1%BSA. The diluted samples were added to the coated wells and incubated at 37ºC for 1 hour. The wells were washed twice with 400μl/well of PBS-Tween 0.05%. The secondary antibody used to measure IgG was Ab Goat Anti-Mouse IgG, Human ads-HRP (Southern biotech Ref 1030-05) and to measure IgA was Ab Goat Anti-Mouse IgA, Human ads-HRP (Southern biotech Ref 1040-05). After addition of 100μl/well of the secondary antibody at 0.1μg/ml in DPBS-BSA 1%, the plates were incubated at 37ºC for 1 hour. The wells were washed twice with 400μl/well of PBS-Tween 0.05%. Finally, the wells were revealed in the dark with 100μl/well of TMB solution (BD Biosciences Ref 555214) for 30 minutes at room temperature. Then, the reaction was stopped with 100μl/well of H2SO4 0.5N (VWR Ref 32053.602) and the absorbance measured at 450nm and 620nm.The measures were realized by duplicates, the abs 620nm was subtracted to the abs of 450nm. The resulted absorbance means per group and standard deviation from the day 0 was used to stablish the cut off (Cut off = Mean + 2*SD). The antibodies were diluted, and the titters corresponded to the last dilution realized just above the cut off. Sergio Linares Fernándeza) LNP-mRNAs encoding DRss envelope proteinThe first two mice groups were immunized with 3 μg of UTR4-DRss and DRss-HBB, respectively. The study aimed to evaluate the humoral immune responses in vivo between the novel UTR-4 and the stablished HBB 5'UTR. The results showed no seric IgG anti-gp140 at day 12 in both groups, a slightly higher IgG titer in the UTR4 assays at day 26, and the same IgG titers at day 39 for both formulation (Figure50). Moreover, no detectable levels of IgA anti-gp140 were observed in the vaginal lavages of both groups (data not shown).

Figure 50 .

 50 Figure 50. Serum IgG anti-gp140 titers in CB6F-1 mice after immunization with DRss-UTR4 and DRss-HBB mRNAs.

Figure 51 .

 51 Figure 51. Serum IgG anti-gp140 titers in CB6F-1 mice after immunization with MBL-eOD-GT8 mRNA.

Figure 52 .

 52 Figure 52. Serum IgG anti-p17AS titers in CB6F-1 mice after immunization with p17AS and MBL-p17AS mRNAs.

Figure 53 .

 53 Figure 53.Serum IgG anti-p24 titers in CB6F-1 mice after immunization with p24 and MBL-p24 mRNAs.

subobjectives: 1 )

 1 Optimization of the mRNA sequence, production and purification steps, 2) The production of mRNAs encoding HIV antigens, their validation of antigen mRNAs expression in vitro and formulation into LNPs, 3) The evaluation of the humoral immune response in mice for the different mRNAs. a) Optimization of the mRNA Sequence, Production and Purification Steps.

  following a similar strategy to CureVac 191 . Two different capping technologies were selected for this comparison, ARCA and the Enzymatic Vaccinia capping. Usually, 70% of capped mRNAs are obtained using ARCA during the one-step IVT-production, meanwhile highest mRNA Sergio Linares Fernández capping (99%) is achieved using the vaccinia enzyme in a two-steps IVTproduction/capping. Due to the differences of both capping processes in we assessed the impact of the different purification treatments in both capping systems. For the purification methods, we reviewed how the cells sense IVT-mRNA, 138 highlighting the importance of dsRNA, 5'PPP-mRNA and capping structure in this recognition and immunogenicity of IVT-mRNA 139 . The depletion of dsRNA by HPLC was a remarkable achievement in the field of mRNA 158 , but recently a simple, fast and cheaper method based on cellulose has been described 141 .

  highlighted the synergic effect on protein expression of the double purification with cellulose and phosphate treatment in both capping strategies, and especially in DC2.4 cells. The higher expression of PRRs in DC.24 compared to HeLa, may explain the larger improvement of translation in DC2.4 cells of IVT-mRNA depleted of dsRNA and 5'PPP mRNA. Remarkably, our mRNA purification showed modest eGFP improvements in both cell lines compared with previous studies performed in vivo or in primary cells141,158 . This discrepancy suggests that DC2.4 and HeLa cells lines may not be the most adequate model (or enough sensible), compared to primary cells. A recent study carried out in BJ fibroblast cell lines also showed a very small increase in EPO expression for IVT-mRNA depleted of dsRNA versus non-purified IVT-mRNA 195 . To validate this hypothesis, we planned to test the different types of IVT-mRNA in DC derived from human monocytes (humoDC). This new set of experiments will assess the eGFP expression, and the secretion of TNF-α and INF-α, hoping to provide enough information to elucidate this question and provide some mechanistically explanations of the protein expression improvement.

1. Annex 1 Annex 1

 11 3) and a small negative Zpotential (-10mVs -0mVs) Summarize the optimal LNP-mRNA characteristics with adequate quality. Size, Z-potential, PI. The three subcutaneous low dose (1.5 μg or 3 μg per injection) vaccination schedule provided elicit seric IgG antibody titers in almost all the formulations (6 out of 7) None of the formulations elicited mucosal immune, since no IgA antibodies titers were observed in the vaginal lavages. MBL-multimeric antigens seemed to provided better immune response in vivo compared to their monomeric counterparts. Sergio Linares Fernández Annexes DNA template sequences used for eGFP-mRNA production. The different regions are highlighted. T7-Promotor; Restriction-Enzyme; 5'UTR-hBg; Synthetic-5'UTR; Start(^); eGFP; Stop(*).

3 '

 3 UTR-hBg; Poly-A; NNNNNNN, DNA insert after BfuAI and BtgZI digestion.

2. Annex 2 Annex 2 :

 22 DNA template sequences used for Antigen-mRNA production. The different regions are highlighted. T7-Promotor; Restriction-Enzyme; 5'UTR-hBg; Synthetic-5'UTR; Start(^); Protein; Stop(*). 3'UTR-hBg; Poly-A; NNNNNNN, DNA insert after BfuAI and BtgZI digestion.

3. Annex 3 Annex 3

 33 Antigens amino acid sequences after translation into protein. The different regions are highlighted. Signal-Peptide, MBL, GGS-Linker, Antigen, ELDKWAS (2F5 Epitope).
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  ). The packaging begins with the recognition of two copies of viral RNA by gag proteins, binding them together in a stable dimerized RNA structure. The gag-RNA complex is

	addressed to the cellular membrane where it is combined with more gag
	proteins and env proteins, and starts to bulge out. The virion requires the
	cellular ESCRT (endosomal sorting complexes required for transport)
	machinery for its release. Once release, the virion undergoes maturation.
	The Gag-pol-pro polyprotein begins its proteolytic maturation into MA
	(matrix), CA (Capsid), and NC (nucleocapsid). The RNA viral genome is
	tightly compacted by the nucleocapsid protein, forming a conical
	Figure 9. The HIV life cycle. 1)HIV entry. 2) ssRNA reverse transcription to DNA. 3) translocation to the structure completing the maturation. The new mature virus is able to infect nucleus and integration. 4) Transcription into RNA. 5) Translation of proteins. 6) Release of mature
	virions. Original figure from 17 .
	new cells.
	Sergio Linares Fernández

Table 2 .

 2 Summary of different vaccine candidates against HIV.

	Name	Prophylactic or Preventable	Vaccine Technology	Outcome	Year
	VaxSyn	Prophylactic	Recombinant gp160	No efficacy	1988
	AIDSVAX	Preventable	Recombinant gp120	No efficacy	1998
	HIVAC-1e	Preventable	Poxvirus vector GP160	No efficacy	1988
	Remune	Preventable	Whole inactivated No efficacy	1996
	HVTN505	Preventable	DNA and Ad5	No efficacy	2008

Based on Viral Vectors.

  

	The concept of viral vectors was born in 1972 when Jackson et al. created
	recombinant DNA from the SV40 virus by genetic engineering 30 . However,
	it was only ten years later, in 1982, that Moss et al. reported the use of
	vaccinia virus as a transient gene expression vector 31 . The increasing need
	for an HIV vaccine led to the development of vaccines based on this
	novel platform. Therefore, HIVAC-1e (1988) was the second HIV vaccine
	candidate, and corresponded to a recombinant poxvirus vector
	encoding a gp160 (Clade B). This vaccine was able to produce transient
	T-cell response but not antibodies 32 .

Table 3 .

 3 Synthetic 5'UTR Primer Sequences. 

Table 4 :

 4 Primers sequences used for cloning the HIV-1 antigens into the optimized IVT-plasmids

Table 5

 5 Summary mRNA antigen selection

Table 6

 6 Summary L-7601 eGFP mRNA-LNP formulation

	Formulation mRNA ng/μL N/P Size nm	PDI	Z-potencial mV E.E %
	L-7601-1	565	7.11 84,3 ±1,74 0,17 ±0.03 -2.07 ±0.66	95%
	L-7601-2	638	6.29 93,9 ±1,27 0.14 ±0.01 1.81 ±0,27	96%

Table 8 .

 8 LNP mRNAs encapsulation and quantity injected per mice.

	LNP-mRNA	Injection	E.E %	Encapsulated mRNA (μg)	Total mRNA (μg)
		1	87,76	3	3,42
	MBL-eOD-GT8	2	87,31	3	3,44
		3	89,24	3	3,36
		1	87,48	3	3,43
	DRss UTR4	2	82,47	3	3,64
		3	81,15	3	3,70
		1	94,85	3	3,16
	DRss HBB	2	62,64	3	4,79
		3	89,93	3	3,34
	p17AS	1 2	49,98 52,31	1.5 1.5	3,00 2,87

Evaluation of the Humoral Immune Response in Mice-Proof of Concept

  Finally, the third subobjective aimed to validate the previous results of our optimized platform in vivo We set up 3 low-dose injections as vaccination schedule, containing 1.5 μg or 3 μg of mRNA. Using this strategy, we could obtain antibodies in 6/7 antigens groups. The antibodies in all groups increased after each boost, the MBL-p24 and p24

	19 vaccines), such as RNA identity (RT-PCR), residual DNA (qPCR), HPLC,
	capillary electrophoresis (integrity), microbial contamination (Bioburden)
	may help to identify the contaminant interfering the complexation
	(cellulose, dust, degraded mRNA, DNA, Biological contamination…).
	Moreover, another simpler solution would be to generate a new batch,
	once LNPs complexation issues are observed in discreet formulations.
	lipid before the SARS-CoV-2 pandemic. The current approval of the two
	mRNA vaccines against COVID-19 has supposed breakthrough in mRNA
	101,173-175 . It research. The use of novel generation ionizable lipids, such as SM-102 or
	is relevant to point out the production and purity of IVT-mRNAs. The AC-0315, will drastically improve the LNPs efficiency and it is expected to
	complexation of some formulations (i.e., P17ASmRNA) was constantly become the new delivery standard on mRNA research. For example, the
	suboptimal during the three formulations in despite of having a good extremely low dose in the mRNA-1273 108 used in the preclinical trials in
	260/280 ratio and a good mRNA integrity by agarose electrophoresis. Even mice (0.01μg, 0.1μg and 1μg) supposed 8000-80 times lower to the first
	thought, the mRNA working solution was changed and the mRNA re-dose who demonstrate protective efficacy against influenza a decade
	purified by isopropanol/sodium acetate precipitation, no improving in the ago 180 . Finally, it is important to stand out that LNPs allowed the antigen
	LNPs characteristics was shown. The production method and purification

were carried out in the same way than other mRNAs with good Sergio Linares Fernández complexation, but these results may indicate that some contaminants may remain in the mRNA master mix. Therefore, implementing better quality controls (used in as quality control for the mRNA used for COVID-These results encourage us to pursue and start in vivo studies, to assess our vaccinal mRNA in the first immunological proof of concept, in mice. It is important to stand out that we selected MC3 as the standard ionizable expression in vitro in the presence of serum, although LNPs expression was Sergio Linares Fernández much modest than the one observed with TransIT (a transfected agents optimized for in vitro assays).

c)

Sergio Linares Fernández 

Sergio Linares Fernández

efficiency through detection of GFP intensity in the injected embryo by fluorescence microscopy (emission wavelength of 535 nm).

g) Statistical Analysis

The eGFP MFI was analysed using GraphPad Prism (version 8.4.2 for Windows, GraphPad Software, La Jolla California, USA). The area under the curve was calculated in kinetic expression experiments. Data were tested for normality with the Shapiro-Wilk test 147 . MFIs are represented as the mean +/-standard deviation of the mean (SD), and experimental values were compared using one-way analysis of variance (ANOVA) with Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.001, and ****P<10 -4 . Sergio Linares Fernández
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Figure 41. Graphical representation of MBL-Antigens containing the antigen, the MBL-Antigen monomer and the MBL-antigen multimer A) MBL-p17AS containing the 2F5 epitope (ELDKWAS). B) MBL-p24 from HxB2 clone. C) MBL-eOD-GT8 containing the stabilized region CD4bd

. Sergio Linares Fernández buffer (pH 5.5), and their integrity checked by gel electrophoresis after both rounds of purification (Figure 43).

e) mRNA encoding HIV mRNA antigens complexation into LNPs

The same experimental procedure as for the commercial eGFP was used to realize the LNP complexes with the different mRNAs encoding HIV antigens. The formulation characteristics for each mRNA are listed in Table 7 , and in Figure 44 and Figure 45. Moreover, the main characteristics of each LNP used for the mouse vaccine are available in more detail in the annex 4. From their DLS characteristics and mRNA loading efficiency into the formulation, the LNP complexes can be divided into two major groups. The first includes the LNP made using MBL-eOD-GT8, the two DRss, MBL-p17AS and MBL-p24 mRNAs. The main characteristics of these LNP formulations are similar to those obtained with the commercial eGFP mRNA, i.e., a small hydrodynamic diameter of 95-112 nm with an acceptable PI (0.17-0.24), 207 Sergio Linares Fernández Sergio Linares Fernández Figure 47. HeLa cells transfected with gag mRNAs to validate antigen expression. In the left pictures, HeLa cells were no transfected. In the middle pictures, HeLa cells were transfected with TransIT. In the right pictures, HeLa cells were transfected with LNPs-mRNA complex. All the cells were stained Sergio Linares Fernández

Abstract

The evaluation of the immune response in vivo is essential to determine the immune response, safety and efficacy of any vaccine candidate. Here, we performed a first proof of concept of our nonmodified mRNAs HIV-1 vaccine candidates to evaluate the humoral immune response. For this study, a three subcutaneous injection schedule was performed in CB6F1 mice with 2 weeks interval between each injection. Then, the humoral response was appraised in serum and vaginal lavages. The results showed an increase of specific serum IgG antibodies in six out of seven groups tested. The MBL-fuse immunogens seem to provide an increase on IgG titers compared to the monomeric antigen counterparts. Furthermore, the group that did not show an increase of antibodies (MBL-eOD-GT8) may be due to the use of inappropriate antigen in the ELISA test. The IgA in the vaginal lavage were irrelevant in all of groups, with no significant increase. The results obtained in this first proof of concept will help to select and continue the preclinical evaluation in a more suitable animal model to assess the capacity to produce bNAbs, such as white New Zealand rabbits, or non-human primates (NHP). Sergio Linares Fernández

Results

At the time of submitting the thesis, the animal experiments were on going. Here, we presented some preliminary results mainly focused on the humoral immune response.

The LNPs-mRNA complexes formulated in the previous chapter were tested in vivo. Six mice per group were allocated in 7 groups, each group corresponding to a different mRNA-LNP complex. All the mice followed the same vaccination and sampling schedule (Figure 49), with subcutaneous injections on days 0, 14 and 28. The total (encapsulated) mRNA injected (per mice and per injection) was 3 μg for DRSS UTR4, DRSS HBB and MBL-eOD-GT8 and 1.5 μg for p17AS, MBL-p17AS, p24 and the MBL-p24.