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Emerged viral diseases causing pandemics (e.g., AIDS, 2009 H1N1 pandemic flu, COVID-19) are of major concern for human health. Viral diseases were known long before the discovery of viruses, but the history of Virology is quite recent, and we know that it will never end up. Viral diseases constitute a permanent defiance for humans, as well as for animals, plants, fungi, protozoa, and bacteria. Viruses are continuously evolving and this fact has a direct impact on their pathogenic potential. The outcome of viral infections can be extraordinarily diverse, from asymptomatic infections to disease and death.

Viruses can disturb the normal physiological parameters of an organism by many different mechanisms. They can perturb the homeostasis and induce immunopathology, immunosuppression, cellular transformation, oncogenesis, and direct cell death. Viral pathogenesis has been regarded as a phenomenological discipline with many observations, but scarce mechanistic insights.

Some viruses can escort us all our life long (e.g., herpesviruses, polyomaviruses). They live within our own bodies, making up our virome. This includes viruses that cause acute, chronic, latent or persistent infections, viruses infecting bacteria, archaea, and endogenous viral elements integrated into host chromosomes. Some viruses are nonpathogenic and others are extremely virulent and lethal. The reasons why some viruses are virulent and others are not remain elusive and can change from one virus to another. It is feasible to reduce viral virulence through mutagenesis, but this does not demonstrate why some viruses are virulent. In addition, viruses can change their relationship with the hosts and modify their pathogenic pattern.

A great deal of our knowledge about viruses, immunologic tolerance, and immunopathology came from studies on lymphocytic choriomeningitis virus (LCMV) infection in mouse, its natural host (1). Animal models have been extremely useful to investigate viral-host relationships, how viruses cause disease, and the mechanisms of the immune response. It is convenient to recall the discoveries of MHC-restricted cytotoxic T lymphocyte function (2), the mechanisms involved in cytotoxic T cell memory (3), or T lymphocyte exhaustion (4).


HUMAN VIROME

Deep sequencing technologies are modifying our previous ideas about viruses. We can now investigate thousands of viruses that inhabit our bodies without causing any clinical symptoms. By studying their interactions with our cells, host genetics, and the immune system, we can analyze their effects on health and disease. An example of nonpathogenic and ubiquitous viruses is Torque Teno virus (TTV), a small DNA-virus of the genus Alphatorquevirus in the Anelloviridae family, whose replication is linked to the immune status of the host. TTVs can cause some level of viremia in immunocompetent individuals (5) but no association of TTV to any human disease has been found so far (6). As TTV is associated with immunosuppression, it is being applied to control the degree of immunosuppression in patients after organ transplantation (7). This is a beneficial use of a virus present in our virome, an area that deserves further research.



PATTERNS OF VIRAL DISEASES

The type of disease that viruses can cause is determined by their cellular tropism, the host response, and the course of the infection—acute, chronic, persistent, latent, reactivation, slow infection, transforming, or oncogenic. Acute infections occur when host defenses are modulated within a short time. After innate immunity activation, viruses will be cleared by the adaptive immune response. Chronic and persistent infections result when the innate and adaptive immune systems are essentially ineffective for a long period of time. For many noncytolytic viruses, immunopathology is the basis of disease (8). Consequently, viral disease investigation has to be accomplished with a multidisciplinary perspective, involving molecular virology, pathology, immunology, genetics, pre-clinical, and clinical studies, as well as epidemiology. Each viral species and even each viral type, variant or strain, may represent a different scenario in terms of pathophysiology, innate, and adaptive immune responses and clinical outcome.



OLD AND EMERGING VIRUSES CAUSING NOVEL DISEASES

Signs and symptoms, the clinical features associated to infectious diseases, are usually well-known, although they can shift slowly and also abruptly.

A high incidence of cases of acute flaccid myelitis was coincidental in different countries in 2014 and 2016 with an increase in the circulation of enterovirus D68 (EV-D68) strains (9). The EV-D68 emergence showed many similarities with poliovirus a century ago, suggesting that this enterovirus could be considered the culprit of a “new polio” (10). Applying the Bradford Hill criteria to investigate a causal relationship it could be establish an etiological role of EV-D68 to acute flaccid myelitis (9). Fredricks and Relman (11) and Lipkin (12) emphasized the relevance of molecular diagnostics and the power of epidemiological analyses to consider the etiological role of pathogens, especially viruses, in diseases. In order to improve the diagnosis of enterovirus infections and establish the surveillance of enterovirus types, a European non-polio enterovirus network (ENPEN) was established. The first goal of that international network was to facilitate a rapid and accurate diagnosis of enterovirus infections (13).

In a similar manner, enterovirus A71 (EV-A71), regarded an emerging pathogen, has been associated with a wide range of clinical disorders including severe neurological syndromes. In the past 20 years, this virus has been linked with large outbreaks of hand, foot, and mouth disease with neurological complications in the Asia-Pacific region. In spring 2016, EV-A71 was found to be the etiological agent of an outbreak of severe neurological illness, including brainstem encephalitis (14, 15). The analysis of intrathecal antiviral antibodies using a pan-viral phage display library (VirScan) implicated non-polio enteroviruses in acute flaccid paralysis (16).

Another example of new viruses causing unexpected diseases are the novel astroviruses which were discovered in 2008–09 in human stool and were associated with severe cases of meningitis and encephalitis (17).

High-throughput sequencing is a powerful tool to discover new viral pathogens associated to novel or old diseases without a defined causative agent. The application of this technology during an outbreak of fatal disease in transplant patients allowed the identification of a new arenavirus that had been transmitted through solid-organ transplantation (18). Among the most remarkable and striking novel viral diseases, congenital Zika virus disease stands out. Zika virus was discovered in 1952 (19) but it had not aroused much interest, until epidemics emerged in Central and South America between 2013 and 2016, with serious congenital malformations consisting of severe microcephaly and neurological complications in adults (20). In contrast to other arboviruses, Zika virus can be spread by mosquito vectors but also by sexual and maternal-to-fetal transmission (20–22).

The emergence of COVID-19 forced to a throughout analysis of the clinical symptoms displayed by this new viral disease (23). It was reported, for instance, that anosmia and ageusia are major symptoms in a high number of patients (24). The pathophysiology of symptoms in mild and severe SARS-CoV-2 infections, and in post-COVID-19 syndrome, is still being investigated.

Recently, a new orthonairovirus, named Songling virus, was identified in the Chinese province of Heiglongjiang from patients with headache, fever, fatigue, and depression, who had been previously bitten by ticks (25). The conclusion to be drawn is that the etiology of new syndromes that arise as outbreaks should always be explored.



SUSCEPTIBILITY TO VIRAL INFECTION AND DISEASE

Susceptibility to different viruses and disease progression are highly variable, and depends on many factors: age, nutritional status, pre-existing chronic diseases, minimal infectious dose, site of entry, immunity, and genetic background of the individual. Host genetic polymorphism determines susceptibility to viral infections. It is known that MHC polymorphism increases resistance to disease in humans (26). A selective advantage was obtained from that diversity and influenced human evolution. For instance, a polymorphism in the chemokine receptor CCR5, co-receptor for HIV-1, prevents the virus from entering the cell, conferring resistance to infection (27). In principle, polymorphism in any genes encoding host proteins involved in the replicacion cycle of a virus could intervene in the susceptibility to that specific virus.

Some viral diseases are highly contagious and others show a very low case-to-infection rate. For measles, the basic reproduction number R0 is considered to be 12–18, meaning that each infected person with measles virus would, on average, spread the disease to 12–18 other people in a fully susceptible population (28). R0 is useful to estimate the herd immunity threshold and the vaccination coverage necessary to control the transmission of an infectious disease.

The knowledge of the interactions of enteric viruses with glycoconjugates in the intestinal mucosa has encouraged the study of their glycobiology. Noroviruses and rotaviruses are the leading agents causing viral gastroenteritis worldwide. Susceptibility to these viruses has been associated with human histo-blood group antigens (HBGAs) present on the intestinal mucosa, which are associated with infection caused by several viral genotypes (29–32). These studies are relevant, as the dissection of the interactions between viruses and their hosts is relevant to develop effective antiviral strategies.



PATHOPHYSIOLOGY OF VIRAL DISEASES: PRE-CLINICAL AND CLINICAL RESEARCH

Many clinical research studies aim to clarify how viruses do cause disease. For this purpose, pre-clinical experimental models are indispensable tools for studying the biology of virus infection, and they have provided important insight of the cellular factors and biological mechanisms involved in the establishment of acute viral infection, persistence, and carcinogenesis.

In many viral diseases there is an imbalance of the innate immune response that contributes to clinical outcome (33). Type I interferon (IFN) deficiency is considered a feature of severe COVID-19. SARS-CoV-2 infects human bronchial epithelial cells displaying a limited IFN response (34). It has been reported that patients with mild COVID-19 show elevated interferon-stimulated genes (ISGs) expression, which is absent in patients with severe disease (35). Some COVID-19 patients suffer a sudden worsening with the onset of the cytokine storm syndrome. The host immune response to the virus in those cases is hyperactive, with an excessive production of inflammatory cytokines, including IL-1, TNF-α, and IL-6 (36). Regarding COVID-19 pathophysiology, acute respiratory distress syndrome, cytokine storm, exhausted T lymphocytes, and lymphopenia are the main proposed mechanisms in the pathogenesis and immunopathology of the disease (37, 38).

In the last years, it is becoming more evident that an interaction between infecting viruses and microbiota may take place, influencing the course of the disease. As an example, influenza patients often suffer of diarrhea, but the pathophysiological mechanism is not well-understood. It has been experimentally shown that the virus induces intestinal immune inflammation via microbiota-mediated Th17 cells, which can explain why flu patients develop intestinal symptoms (39). It has also been demonstrated that host genetic factors like the histo-blood group antigens (HBGA) are associated with susceptibility to enteric virus infections. Recent studies point to HBGAs as factors that modulate the intestinal microbiota, which can additionally influence on the viral infection outcome (29, 40).



EPIDEMICS AND PANDEMICS

Acute viral infections can cause serious epidemics affecting millions of individuals every year (e.g., influenza virus, dengue virus, Zika virus, and currently SARS-CoV-2). The current pandemic of COVID-19 has created a global health crisis, disrupting social life and economy all over the world. This pandemic is by no means the first event in its kind for humanity, as there are records of the huge impact that H1N1 influenza pandemic had in 1918–19, which was a global health catastrophe and killed more than 50 million people worldwide (41). Lessons have to be learned regarding a better manage of epidemiological assessment, public health policies, prevention strategies, and potential therapeutic interventions for viral pandemics in the future.



VIRAL ONCOGENESIS

Some viruses are involved in the genesis of benign and malignant tumors. The first DNA virus found to be oncogenic was a rabbit papilloma virus discovered in 1933 (42). In human viral oncogenesis, host genetics, and the fact that viruses contribute partially to the oncogenic events reflects the multistep nature of the process (43). Oncogenic viruses are members of different families that share some general features. Cells transformed by oncogenic viruses generally retain viral DNA in their nuclei, integrated into cellular chromosomes or as episomes. There are two classes of viral oncogenes based on their similarity to cellular sequences. Oncogenes of transducing retroviruses and certain herpesviruses, like HHV-8, the etiologic agent of Kaposi's sarcoma, are closely related to cellular genes. Viral oncogenes in the second class, such as adenovirus E1A and polyomavirus LT, do not seem to be related to cellular genes and their origin remains a conundrum (44). Proteins encoded by transforming genes of both RNA and DNA viruses can alter cellular signal transduction cascades, with activation of pathways that stimulate cellular proliferation and cancer. Some tumors of viral etiology can be prevented via vaccination (e.g., HBV and HPV types 16 and 18) and viral oncogenesis remains consequently a major topic of research.



VIRUSES AND IMMUNOSUPPRESSION

Virus-induced immunosuppression can range from a slight attenuation of the immune response to a severe global inhibition. HIV-1 is known to cause severe immunodeficiency, but other viruses can also cause it, such as measles and rubella. The high mortality caused by measles virus, responsible for more than 100,000 deaths annually, is due to opportunistic infections resulting from immunosuppression induced by this virus (45, 46). Some viruses can suppress effective responses to their own antigens and promote the development of persistent infections. It was experimentally demonstrated that immune system-mediated destruction of virus-infected dendritic cells results in generalized immune suppression, contributing to the clinically important immunosuppression associated with many virus infections (47). Nevertheless, it is still important to elucidate all the mechanisms involved in clinically important virus-induced suppression of the host immune response.



ANTIVIRAL CHEMOTHERAPY

Treatment of viral diseases is still a major challenge. Viruses do not have affordable targets to aim as it happens with bacteria, which are prokaryotic cells with different molecular components that can be inactivated without harming our own cells. Virus-infected cells harbor invaders that control their biosynthetic machinery, and need to be eliminated, cured, or restored. The current antiviral repertoire includes many drugs, but effective therapies for many viral infections are still needed (48).

Viral disease investigation remains a major challenge for clinicians, basic and clinical virologists, immunologists, geneticists, pathologists, pharmacologists, epidemiologists, and public health specialists.
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