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Abstract

:

Experimental work with viruses that are highly pathogenic for humans and animals requires specialized Biosafety Level 3 or 4 facilities. Such pathogens include some spectacular but also rather seldomly studied examples such as Ebola virus (requiring BSL-4), more wide-spread and commonly studied viruses such as HIV, and the most recent example, SARS-CoV-2, which causes COVID-19. A common characteristic of these virus examples is that their genomes consist of single-stranded RNA, which requires the conversion of their genomes into a DNA copy for easy manipulation; this can be performed to study the viral life cycle in detail, develop novel therapies and vaccines, and monitor the disease course over time for chronic virus infections. We summarize the recent advances in such new genetic applications for RNA viruses in Switzerland over the last 25 years, from the early days of the HIV/AIDS epidemic to the most recent developments in research on the SARS-CoV-2 coronavirus. We highlight game-changing collaborative efforts between clinical and molecular disciplines in HIV research on the path to optimal clinical disease management. Moreover, we summarize how the modern technical evolution enabled the molecular studies of emerging RNA viruses, confirming that Switzerland is at the forefront of SARS-CoV-2 research and potentially other newly emerging viruses.






Keywords:


SARS-CoV-2; HIV-1; reverse genetics; RNA viruses; cloning












1. Introduction


In the long global race for the most-suitable tools for the molecular research of viruses, the first reports appeared in the late 1970s and early 1980s, which described the successful generation of infectious cDNA clones of certain plus-strand RNA viruses ([1,2], reviewed in [3]). The fact that the in vitro-produced cDNA copies were able to initiate the production of replicating RNA viruses in bacterial or eukaryotic cell culture initially came as a surprise, especially because both insert orientations in the plasmid vector were able to support virus production. No definite explanation could be given for the underlying mechanism, but it was then speculated that a “random initiation of transcription” on the plasmidic DNA was responsible, with a subsequent end trimming of the RNA that generated the authentic full-length genomic RNA of the pathogen [2]. The in vitro insertion of bacterial promoters in the plasmid clones then enabled a targeted enzyme-driven in vitro transcription of infectious RNA from cDNA clones. However, successful expression remained complex in some cases and only indirectly worked via the generation of minus-strand RNA in a first step, followed by copying it into the plus-stranded complement, which was then infectious [4]. While still far from trivial, these successes began to make viral pathogens accessible, where the application was initially mainly for small genome sizes of about 4 kb and up to 7.5 kb.



It was exactly during this period that the truly revolutionary new molecular technique, “polymerase chain reaction (PCR)”, was invented. In the same decade, HIV as a new viral pathogen and threat to human health became known. Hence, in the 1990s, HIV turned into one of the main research targets, in which the virus developed into the cause of a new major global epidemic. Of note in this period, most sophisticated but standard methods of reverse genetics and DNA cloning were still in their infancy or simply not yet available.



Despite rapid progress in many disciplines of research, and although the first infectious HIV clones became available already in the mid-1980s [5], it was still a feat in 1996 to generate an infectious cDNA clone for classical swine fever virus with a genome length of 12.3 kb [6]. The successful technique required a PCR amplification of multiple small DNA fragments, which then had to be introduced into bacterial plasmids as intermediate vectors. Special DNA manipulation strategies were essential for avoiding the accidental misincorporation of too many nucleotides differing from the original viral sequence during the DNA cloning process.



However, since then, a true technical evolution with the discovery of highly faithful and processive thermostable enzymes made it possible to increase the length of functional PCR products from close to 2 kb originally to more than 10 kb today. Antiretroviral research, mainly on HIV-1, HIV-2, or SIV, greatly benefited from this development.




2. EARLY CASE: Molecular Genetics for HIV


A truly impressive wave of key inventions and new technological developments, which began during the 1980s, yielded a multitude of new tools with tremendous importance for research, modern laboratory diagnostics, and therapy. HIV was one of the initial viral targets for which the enormous technological developments advanced research and led to a rapid commercialization and certification of previously unavailable tools. The sensitive and specific detection of this pathogen became possible in various specimen types. Further on in the 1990s, quantitative PCR began to form the basis for the quantitative determination of viruses in blood and cerebrospinal fluid; Sanger-based sequencing [7] or the new high-content capillary sequencing techniques [8] up to the development of the “Next-Generation Sequencing” (NGS) protocols [9] made the discrimination and detailed characterization of circulating virus subtypes and resistant variants possible. In addition, special tools such as single-cell sequencing became available, which allowed for the analysis of infection events in individual cells in special infection situations such as early infection phases [10].



These techniques improved capabilities in the context of HIV diagnostics and greatly assisted long-term therapy concepts. In this way, HIV disease monitoring had become one of the first disciplines in virology that actively benefitted from modern molecular tools by the early 1990s, early in the globally devastating epidemic. It had only taken 11 years from the first FDA-approved serologic test in 1985 [11] to the approval of an RNA-based quantitative virus test in 1996 [12].



2.1. Viral Load Diagnostics for HIV


Until the early 1990s, RNA preparation and detection technologies remained very tedious. In addition, validated PCR protocols for nucleic acid amplification were still very scarce. Since then, through new agents and refinements, systems now reach the exquisite sensitivity of only a few viral genome copies per milliliter of sample volume, an impressive development since the commercialization of the first sensitive RNA-based tests [12]. Antibody- and antigen-based HIV tests were developed in the late 1980s and continue to be important standard diagnostic tools for first diagnosis. However, the high sensitivity of viral RNA tests proved to be more versatile, addressing a critical need in clinical situations where systems for earliest detection are essential; the tests covered situations such as after accidental exposure (US CDC [13]), during pregnancy (US guidelines [14]), or post-exposure situations (In Switzerland: Schweiz Med Forum 2014; 14(8): 151–153). Single-copy detection of viral RNA in a given sample often provide critical information before specific antibodies are produced in the affected individual [15].



In the very early years of the HIV/AIDS epidemic, in 1988, Swiss clinical experts had founded the “Swiss HIV Cohort Study” (SHCS). This study, mainly based on clinical and epidemiological aspects of a newly emerged disease, was led by clinicians of the university hospitals of Basel, Bern, Geneva, Lausanne, and Zurich, and of the cantonal hospital St. Gallen. The systematic collection and archiving of clinical specimens and the associated information about how to treat the “new disease” of AIDS made numerous projects on fundamental HIV research possible. Countless studies resulted, involving HIV resistance, virus evolution during and aside from therapy, causes and bystanders of therapy failure, and a multitude of highly relevant disease and treatment aspects. From 1988 until today, the SHCS is making continuous developments and has become one of the top research consortia worldwide in the field of HIV/AIDS research and therapy [16,17]. A number of milestones with global importance and impact mark its path of success. Here, we highlight only a few aspects from among its publications, which number greater than 1000.




2.2. The Swiss Statement on Transmission


It should be noted that it is only through the availability and use of genetic tools in clinical diagnostics that many of the impressive developments in clinical practice have become possible. In 2008, the “Swiss Statement”, key for an important stress relief of many infected persons, was coined and published by Vernazza, Hirschel, Bernasconi, and Flepp [18], today translated into “U equals U” (undetectable equals untransmissible). The study demonstrated that in a stable sexual relationship and regular intake of the antiretroviral medication, the absence of a detectable virus in the blood serves as a reliable marker for no risk of virus transmission. Without the ability to quantify low amounts of circulating viruses to below 50–100 copies/mL, the prediction would not have been possible.



Internationally, this study had quite a bumpy start in the field, as it was initially fiercely disputed as an unethical simplification of HIV management. However, in 2022, it has become the generally accepted standard for successful long-term HIV therapy.




2.3. Testing Therapy-Resistance of HIV


Other key milestones in the field emerged from top molecular research work, e. g., in the area of viral resistance, where Geneva researchers established viral resistance testing early on, already before 1997 [19,20]. The group of Luc Perrin and others used virus-derived genomic RNA, which was converted to cDNA and amplified the drug target regions of the viral genome, i.e., reverse transcriptase and protease. This information could then be used to determine new mutations in the virus genome, which differ from the known consensus sequence. Research groups from Geneva, Basel, and Zurich along with many others established the fact that incomplete virus suppression often correlates with detectable mutations in the target genes for the drugs taken by the affected individual ([21]; review in [22]). This knowledge allowed for the development of prediction tools, which associated specific mutations with the failure risk of certain drugs and classes as well as predictive genotype-based databases and guidelines [23,24,25]. Today, gene sequences and viral isolates are regularly collected and updated in publications such as the comprehensive compendium of the Los Alamos laboratory [26].




2.4. Structured Treatment Interruption


Increasing the survival time of persons living with HIV and improving drugs and regimens in the context of a life-long therapy created the growing need and demand for therapeutic simplification schemes in clinical practice. Additionally in this context, the availability of highly sensitive virus monitoring became a critical element. An example of a successful reduction of the pill and drug burden for treated individuals required regular blood sampling for the molecular characterization of any emerging virus population. One key clinical question of the interruption study was: would a continuous suppression of HIV during treatment to below 20 virus copies per milliliter of blood safely allow (short) for episodes of completely stopping therapy? Viral loads and emerging resistance mutations were monitored in free virus or proviral DNA in infected circulating cells. Despite some initially exciting hints of success [27], most important studies towards such a strategy of simplifying HIV combination therapy led to the sobering conclusion that a therapy interruption was not advisable, as reviewed by Oxenius and Hirschel [28] and analyzed by Yerly et al. [29].




2.5. Therapy Simplification


Furthermore, other approaches have been based on the long-term stable situation with a continuous and complete virus suppression in blood as the starting point for the simplification of the standard triple therapy for HIV. In this context, molecular genetics and the ability to detect single infected cells and minorities of drug-resistant variants in clinical specimens turned out to be as instrumental so as to be crucial. Various clinical simplification studies were conducted, which reduced the regimen to only one drug class. Meanwhile, some studies, especially for the integrase inhibitor class, suggested that indeed such a simplification can be safe and successful for certain individuals; this did not lead to a general treatment recommendation, as most studies resulted in an inferiority of the simplification arm. Other studies, mainly on the class of protease inhibitors, demonstrated the important caveat that besides blood, the brain/cerebrospinal fluid can also serve as the site of active HIV replication, as in the ATARITMO study by Vernazza et al. [30]. Consequently, full virus suppression may not be reliably reached when simplifying to certain antiretroviral drugs.




2.6. Approaches to Eliminate/Cure HIV


Today, we review a long era of successful HIV treatment. This success is largely based on numerous important studies which now define the optimal therapy start (from “CD4 below 200” to “test-and-treat”) or identify any best regimens for a successful long-term treatment. In recent years, an entirely new chapter was opened, with recently developed molecular tools allowing for the single-cell analysis of viral gene replication, RNA-sequencing techniques for detecting viral activity in individual cells in clinical specimens, and refined in vitro methods for revealing viral intactness and virus outgrowth.



On the clinical side of an “optimal disease management”, HIV disease principally became a “stable chronic disease”, leading to a normal quality of life. The chronicity of the retroviral infection leads to a very high stability of the mostly latent HIV genomes. Clinically, this means that a favorable clinical course is only maintained so long as antiretroviral therapy suppresses the virus. As soon as the therapy situation becomes suboptimal, the virus begins to replicate again. The recognition of this special property opened completely new research directions towards novel solutions.



One of these trigger points was the clinical description of the “Berlin-patient” case, in whom HIV could be successfully eliminated after stem cell transplantation [31]. Key findings on the clinical properties of this case triggered research approaches aiming to find ways for curing HIV through an active and complete elimination of HIV from the body of an infected person.



At the same time, new molecular tools became available that now allow for the assessment of single-cell infection events. The unique genome accession and gene targeting that became possible by utilizing the Crispr/Cas9 system also created new ideas for approaching HIV elimination, e.g., Martins et al.’s review attempts to modify the CCR5 chemokine receptor by using Crispr/Cas [32] and the Swiss Zurich group’s suggestion to target, e.g., the HIV promoter region within the viral long terminal repeat [33]. Nevertheless, these new techniques have not yet been able to influence clinical disease management.



Highly sensitive cell diagnostic tools were developed, where Swiss research again provided crucial contributions. One of the big developments came from the discovery and molecular characterization of broadly neutralizing antibodies that may be present in infected individuals. The unique property of these specific antibodies, which mostly target the viral envelope, is that they can elicit an immune response that allows for the neutralization of a broad range of HIV isolates and subtypes [34,35]. For possible clinical applications in the future, the hope is that these antibodies can either be used for new antiviral approaches or to provoke a similar kind of immune response to de novo in an infected individual.



Swiss research contributions to other specific cure approaches include the targeted interference with the ongoing immune response of the infected human host. Specifically, the combination of strategies that stimulate the immune defense on the one hand and are aimed at reducing or eliminating replication-competent HIV on the other show promise (reviewed by Perreau et al. 2017 [36]).




2.7. International Development Work for HIV Therapy and Diagnostics


Beyond the ground-breaking basic and clinical scientific research work, clinics in several African countries, including Tanzania, Uganda, Lesotho, and others, have critically benefitted from international collaborations with Swiss experts. Among many truly game-changing clinical advancements in the daily clinical work of patient management, the “import” and establishment of state-of-the-art “reverse genetics” tools was critical. The provision of sequence analyzer instruments or new laboratory diagnostic techniques and a strong influx of knowledge helped to completely change the hopeless therapy perspective of the 1990s into a new century of hope for HIV/AIDS-affected persons.



Initially, the grim truth in this context had been phrased by a plenary speaker at the International AIDS Conference in the early 1990s as “Africa is gone”. The desperate therapy situation (UNAIDS report of 1998 [37]) was transformed by the rapid response of philanthropes, industry, and research, a blessing and true game-changer for an entire continent and beyond. The financially potent contributors include(d) public and private funders through amfAR, the Global Fund, UNAIDS, the US PEPFAR, the Gates Foundation, CHAI, and numerous others.



On the basis of the technical level alone, therapy-guiding resistance testing for HIV has also now become part of the clinical routine in Africa and other resource-limited regions, which has helped to transform standard therapy in collaborating centers, where experts from Switzerland and other countries train national physicians and laboratory personnel [38,39,40,41]. This important work became recognized up to the level of the WHO for international guidelines [42]. Our active contributions, creative molecular work, modern genetic studies, and capacity building continue to evolve in clinical and research centers abroad, which importantly contributes to providing direct benefits for human health.





3. LATEST CASE: Reverse Genetics for Coronaviruses


The more recent members of pathogenic RNA viruses, the human coronaviruses such as SARS-CoV-2, possess the largest genomes of all known RNA viruses, with about a 30 kb length for a single ribonucleic acid element. This causes any purely PCR- or plasmid-based approach for genome manipulation to be very technically challenging. As a consequence, the inherent need to clone very large DNA fragments along with the presence of sequence stretches that seem to be toxic for cloning or expression in bacteria prevented the establishment of functional cDNA clones of coronaviruses for quite some time. In addition, the pandemic potential that is associated with the more recently emerged new viruses with a high pathogenic potential for humans, such as SARS-1, MERS, or SARS-CoV-2, necessitated the use of a BSL-3 environment for their manipulation in vitro. This fact massively limited and continues to limit molecular and viral research, making work with these viruses very laborious.



On the other hand, the technical advancements of recent years, which include the provision of numerous commercially available research tools such as high-fidelity enzymes and reagents or complete cloning kits has enabled the present generation of rather error-free, infectious cDNA clones in a single piece and has yielded the production of RNA viruses with a genome size of up to 15 kb in vitro. As a result, in recent years, even larger virus genomes have become and will continue to become readily accessible for research and development.



3.1. BAC-Cloning


The first complete infectious cDNA clone for a coronavirus was only reported in 2000 by Almazan et al. [43], who employed a bacterial artificial chromosome (BAC). While BACs allow for the cloning of the full-length cDNA copy in a single piece without the instabilities of inserted sequences, which is frequently observed after cloning into (high copy number) plasmids, the low copy number of one or two copies per cell poses other significant challenges. BACs routinely need to be purified by CsCl centrifugation to obtain highly pure DNA in sufficient amounts for further applications, e.g., for in vitro transcription. In addition, BACs must have the insertion of an independent eukaryotic promoter element such as a CMV promoter in front of the viral sequence to allow for the direct transfection of DNA into cells without the need for first transcribing it in vitro into full-length viral RNA before the nuclease-sensitive RNA can be transfected into cells.




3.2. In Vitro Assembly and Vaccinia-Vectored Approaches


As an alternative approach, the cell-free assembly of full-length cDNA copies in vitro was established at about the same time [44]. Furthermore, new vaccinia-vectored approaches were described for the generation of intact, functional coronavirus genomes [45]. Details of these techniques and their uses have been reviewed in detail by Almazan et al. in 2014 [46]; the details were of great utility for work with the newly emerging human-pathogenic coronaviruses SARS-CoV-1 and MERS and gave molecular coronavirus research an important boost. Common to all above-mentioned techniques and similar to the example of the classical swine fever virus, the availability or introduction of suitable restriction sites was key, which permitted specifically cutting PCR-generated fragments and ligating them in a sequence-precise fashion. Such carefully designed strategies often depend on unique sequences only present in a certain coronavirus species or in a specific strain of interest and hence lack the versatility needed when studying many different strains, variants, or even newly emerging viruses. In addition, the generation of sufficient quantities of faithfully copied, error-free full-length RNA transcripts to allow for the efficient rescue of infectious virus after cell introduction poses another major challenge. For this, it is critical that the DNA template is of high quality, and the reaction conditions need to be optimal to achieve sufficient yields of the full-length transcripts. Moreover, productively transfecting long RNA molecules into cells is more often a case of trial and error than being easy and predictable.




3.3. TAR Cloning and CPER


More recently, transformation-associated recombination (TAR) cloning in yeast has been developed and used for the generation of the first cDNA clone of SARS-CoV-2 [47]. This method relies on the inherent ability of the yeast cell to recombine several overlapping DNA fragments into one long product, performing this with high accuracy and efficiency. The advantage of this method is that suitable restriction sites for end trimming are no longer needed. However, the method still involves the standard in vitro transcription and RNA transfection steps for rescuing the virus.



Very recently, the circular polymerase extension reaction (CPER) was established and described for the generation of full-length cDNA clones of coronaviruses [48]. This method is based on the use of overlapping fragments, which can assemble without the need for unique restriction sites. The CPER technique is based on an in vitro assembly in the test tube, where long cDNA fragments self-assemble into a transfectable DNA product. The product is designed in a way such that it is driven by a heterologous (CMV) promoter at the 5’ end to transcribe infectious RNA after DNA transfection into the target cell. While the circular nature of the product might confer a higher stability inside the transfected cell, the principal step of transfecting such large DNA molecules remains far from trivial. This may explain why Torii et al. [48], despite successfully using a variety of CPER conditions for viral rescue, could only generate the virus exclusively in HEK293-3P6C33 cells, which are known for their superb transfectability.




3.4. ISA


Another recently described DNA-based method, the ISA (Infectious Subgenomic Amplicons) technique, was originally developed using small RNA viruses, such as dengue virus and chikungunya virus [49]. This method has now been adapted to also address SARS-CoV-2 [50]. After the simultaneous introduction of eight overlapping DNA fragments constituting the entire viral genome, the authors were able to directly rescue the infectious virus in susceptible cells. As a discriminating feature, the ISA technique is based on the cellular introduction of subgenomic DNA segments rather than RNA. The intentional use of subgenomic DNA facilitates a more efficient transfection due to the smaller size of individual DNA. The intracellular reassembly of the viral DNA segments reconstituting a complete viral genome is guided by overlaps of the DNA segments and spontaneously occurs inside the target cell. Therefore, this method completely circumvents any need for restriction sites in the in vitro transcription of long RNA molecules and in the transfection of long RNAs into cells. A comparison of the above-mentioned coronavirus reverse genetics methods is shown in Figure 1.




3.5. Role of N Protein in Virus Recovery


In principle, genomic RNA of a plus-strand RNA virus is all that is needed to start the generation of virus progeny inside a host cell. Interestingly, most if not all recovery approaches for functional SARS-CoV-2 [47,48,51] and other coronaviruses [44,52,53,54] involve a co-transfection of N (nucleocapsid) mRNA or an expression plasmid for N to enhance virus recovery. While the viral genome is covered with N in a natural infection, the RNA transcribed from the introduced DNA by the cellular RNA polymerase [43,48,50] or transfected as naked, in vitro transcribed RNA [44,45,47] lacks this protection and might be more vulnerable to degradation before the replication process is initiated. It is interesting to see whether the additional N is an absolute technical requirement for SARS-CoV-2 rescue in vitro or if an efficient system can be established that circumvents the need for this additional component, which would confirm that genomic RNA is all it takes to start virus replication.




3.6. Role of the Polybasic S1/S2 Cleavage Site in the S Protein


While control of virus variants is easily possible down to single nucleotides on the DNA level by establishing clonal copies of the respective gene or region, matters tend to get more complicated when RNA needs to be assessed. This is due to the rather high inherent error rates of RNA polymerases and because direct RNA cloning is not available; any manipulation prior to analysis involves another one of these error-prone steps.



The evolutionary acquisition of a polybasic S1/S2 cleavage site in the spike protein of SARS-CoV-2 most likely represents an essential activation step and is possibly necessary for allowing the virus to establish itself successfully in the (new) host. The fact that virtually all human isolates of SARS-CoV-2 possess this cleavage site indicates that this function is indispensable for proper replication in the human host. However, when the standard cell model of VeroE6 cells is used for virus propagation, this cleavage site tends to get very rapidly lost and is even selected against within only a handful of cell culture passages in VeroE6 cells. The observation that even an obviously critical protein domain in a viral protein that is essential for the virus in vivo can change or get lost in a cell model is a big alert to the non-critical use of cell lines in vitro. The loss of the S1/S2 cleavage site was also shown to have significant functional consequences, such as altering the transmissibility in ferrets, changing the pathogenicity in animal models, and the ability of the virus to use endosome-independent virus entry by a route that avoids antiviral IFITM proteins [55,56,57].




3.7. Cell and Animal Models for SARS-CoV-2 Infection


Cleavage at the polybasic S1/S2 site upon binding of the SARS-CoV-2 protein site to its receptor is an important first step in the infection process. The presence of the human TMPRSS2 protease has been shown to efficiently activate the spike protein of SARS-CoV-1 [58] and enhance the in vitro production of SARS-CoV-1, MERS-CoV, and SARS-CoV-2 in VeroE6 cells [59]. In addition, the expression of TMPRSS2 in VeroE6 cells leads to the stable retention of the sequence for the polybasic S1/S2 cleavage site in the SARS-CoV-2 spike protein, even after more than 10 in vitro passages ([60,61]). Using TMPRSS2-expressing cells seems to be imperative for keeping these human betacoronaviruses in a state that is close to the natural situation.



VeroE6 cells are derived from the kidney of the African green monkey (Chlorocebus sp.) and therefore also display an angiotensin that converts the enzyme 2 (ACE2) molecule, the receptor for SARS-CoV-2 and SARS-CoV-1, in the version of a non-human primate. Even though the very same RBD-binding amino acids are conserved between humans and monkeys, the monkey ACE2 slightly differs from the human ACE2 [62,63]. This emphasizes that these cells, which are commonly used due to their property of showing a clearly visible cytopathic effect upon viral infection, should be used with some caution [64].



While animal models are key for research and vaccine development, the example of SARS-CoV-2 may be quite instructive again. On the one hand, newer models such as those using the Syrian golden hamster or ferrets may not perfectly mirror the situation in humans among others due to slight differences in the ACE2 receptor molecule or in the proteases involved in the cleavage of the viral spike protein. However, they are widely used, as the infection and affected organs correlate rather well with the pathology seen in humans. On the other hand, experimental mouse models, which express a human ACE2 molecule and can be infected with SARS-CoV-2 seem to be a good system for assessing the immunological response. Nevertheless, it should be noted that the K18-ACE2 transgenic mouse model represents one of the few in vivo models where an acute SARS-CoV-2 infection leads to severe brain pathology and death [65]. This phenotype is very uncommon in humans and requires further detailed studies of the ill-understood link between SARS-CoV-2 and brain infection in mice. This feature could reflect a serious limitation, potentially even questioning the K18-ACE2 model as a predictive disease and vaccination model.




3.8. Perspectives for Next-Generation Vaccines


Fundamental studies on coronavirus replication and individual protein functions using mutants with gene deletions have revealed that the deletion of individual structural genes may generate both attenuated and propagation-defective viruses, which have the potential to be developed into vaccine candidates. This has been shown for SARS-CoV-1 [66,67,68,69,70,71,72] and MERS-CoV [73,74,75]. Recently, deletion mutants and trans-complementation systems have also been established for SARS-CoV-2 [76,77,78] and have opened the perspective of developing safe and effective next-generation SARS-CoV-2 vaccines. The greatest advantage of such infectious, single-cycle SARS-CoV-2 viruses is that they are able to present all structural viral proteins to the immune system to induce humoral responses, and upon infection, the host cells can produce all the nonstructural viral proteins to induce cell-mediated immune responses.





4. Conclusions


The molecular aspects of HIV research nicely summarize how a rapid incorporation of new developments and advances in molecular genetics into diagnostics and medical disease management is possible; today, this can occur with an amazing translational speed. Superb collaborative efforts between clinical and molecular disciplines were and still are instrumental for ensuring rapid and solid progress, not only in the fight against HIV, but also in response to the newest advances against the very recent COVID-19 pandemic.



With this line of successful developments, the scientific landscape in Switzerland shows a robust potential for the very rapid development and implementation of epidemiologic and diagnostic tools and research towards novel therapies and vaccines, both against well-known and emerging viruses. Moreover, these developments, driven by modern molecular genetics, may at the same time serve as strong indicators for our preparedness for new pathogenic epidemics or pandemics to come.
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Figure 1. Comparison of major technologies for rescuing coronaviruses. 
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