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Abstract: More recently, increasing attention has been directed to exploring the function of the global
virome in health and disease. Currently, by new molecular techniques, such as metagenomic DNA
sequencing, the virome has been better unveiled. By investigating the human lung virome, we
could provide novel insights into respiratory diseases. The virome, as a part of the microbiome,
is characterized by a constant change in composition related to the type of diet, environment, and
our genetic code, and other incalculable factors. The virome plays a substantial role in modulating
human immune defenses and contributing to the inflammatory processes. Anelloviruses (AVs) are
new components of the virome. AVs are already present during early life and reproduce without
apparently causing harm to the host. The role of AVs is still unknown, but several reports have
shown that AVs could activate the inflammasomes, intracellular multiprotein oligomers of the innate
immune system, which show a crucial role in the host defense to several pathogens. In this narrative
revision, we summarize the epidemiological data related to the possible link between microbial
alterations and chronic respiratory diseases in children. Briefly, we also describe the characteristics
of the most frequent viral family present in the lung virome, Anelloviridae. Furthermore, we
discuss how AVs could modulate the immune system in children, affecting the development of
chronic respiratory diseases, particularly asthma, the most common chronic inflammatory disease
in childhood.
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1. Introduction
Nowadays, there is increasing interest in the characterization of microorganisms in
human pathology. While the bacterial flora and its importance in human pathology are
widely discussed in the literature, less is known about the human virome. This represents
a new unexplored topic. The human virome is a changeable part of a microbial ecosystem.
It is composed of eukaryotic viruses, bacterial viruses, the so-called “bacteriophages”, and
a group of virus-derived genetic elements integrated into host chromosomes (human endogenous retroviruses, endogenous viral elements, so-called “prophages”) [1]. Eukaryotic
viruses infect eukaryotic cells, and bacteriophages target specific human-hosted bacteria [1].
While both bacterial and viral components found in the gastrointestinal tract are considered
not only pathogens but sometimes commensals, the respiratory tract was thought to be
sterile. In fact, for a long time, any type of microbial finding from airway samples was
thought to be an acute or exacerbated infective disease or interpreted as probable test
contamination coming from the nasopharynx and oral cavity. Thanks to improvements in
microbiological techniques, new local viral communities were discovered in the airways [2].
Recently, several studies showed that a regular lung microbiome is present, regardless of
any inflammatory or infectious setting [3–5]. Contrary to other environmental viromes,
the airways virome presents a relatively small range of species; one of the reasons for
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the low viral diversity is the presence of natural barriers. The natural barriers, including
physical ones such as ciliary movements, and both innate and adaptive immunity, may
end in low viral diversity. At the same time, viral pathogens (e.g., influenza, parainfluenza,
rhinovirus (RV), respiratory syncytial virus (RSV), or adenovirus) can transitorily enrich
the respiratory virome [4]. Another characteristic of a healthy respiratory microbiome is
large inter-individual differences. In addition, in the case of specific diseases, microbial
changes could represent a diagnostic sign, defining an acute situation or the flare-up of
a chronic one [5]. Respiratory virome elements can be organized into two major groups:
commensals and opportunistic pathogens. As it happens for bacterial infections, being
a commensal virus or becoming a pathogen virus depends on many factors of the host
and the virus itself. For example, local growth factors and environmental features of the
airway can affect and modify the composition of the respiratory virome [1,4,6]. According
to the literature, in asymptomatic individuals, transitory viruses (e.g., RSV or adenovirus)
could provoke a low-level immune response, while increased loads of viruses and a higher
level of inflammation were proven in patients with chronic airway disease [4]. Moreover,
it seems that viral species of the respiratory tract are important in order to control other
pathogens, particularly bacteriophages. Specifically, human-hosted airway bacteriophages
could interfere with health and disease states and interact with the immunity system, by
controlling their bacterial host. Various studies showed that bacteriophages provide a
reservoir of virulence genes [7,8]: in fact, bacteriophages encode several bacterial virulence
factors, such those that determine bacterial strength and the ability to colonize, adhere,
invade, and produce toxins [9]. In addition, bacteriophages allow the conservation of
antimicrobial resistance genes [7–12].
In other words, the human virome represents a part of the whole human microbiome
and consists of pathogenic viruses, non-pathogenetic viruses that are found in healthy
individuals, bacteriophages, and retroviral elements that are integrated into the human
chromosomes. It is likely that the delay in understanding the virome depends on the
absence of specific instruments to characterize viruses promptly and precisely, in contrast
to the rapid technology techniques discovered to identify bacteria over recent decades [9,13].
Isolating viruses and bacteriophages still requires difficult and numerous preprocessing
actions, even if we have new tools [14].
However, thanks to new technologies, previously unknown viral agents, such as
anelloviruses, have been discovered as part of the lung virome of healthy individuals, in
chronic respiratory diseases, and in circulating blood [15,16].
In this review, we will focus on how anelloviruses could modulate the host immune
systems influencing the development of chronic respiratory diseases in childhood.
2. Search Strategy and Inclusion Criteria
References for this review were identified through searches of PubMed and Google
Scholar for articles published from January 2001 to May 2021 using terms such as “lung
microbiome”, “lung microbiota”, “lung virome”, “chronic respiratory diseases”, “children”,
“asthma”, “Cystic Fibrosis”, “bronchiectasis”, “Anelloviruses”, and “Torque teno virus”.
Older studies were only considered to report the first discoveries about anelloviruses.
Articles were identified as interesting when the studies provided new insights regarding
the role of the lung microbiota in childhood respiratory diseases. Articles resulting from
these searches and the relevant references cited in those articles were reviewed. We only
included articles published in English.
3. Anelloviruses
The family Anelloviridae includes 14 genera and is widespread in mammals and
birds [17]. Alphatorquevirus, with torque teno virus (TTV), resulted in being the most
frequent genus associated with the development of respiratory diseases [17].
In 1997, TTV was isolated for the first time from a Japanese patient with posttransfusion hepatitis of unidentified etiology [18]. Successively, the molecular and bio-
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Anellovirus replication can occur in several tissues/organs. Indeed, the presence of
these viruses was demonstrated in blood, saliva, breast milk, stool, nasopharyngeal aspirates, and organs such as the thyroid gland, liver, spleen, pancreas, and many others [25].
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Anelloviridae usually replicate at a low but stable state, not causing human disease [26]. The human immune system controls their replication [30]. In fact, they are
inversely associated with levels of immunocompetence, reaching high blood levels in the
case of immunosuppression [31] as in HIV patients [32] and in lung transplant recipients [33,34].
Therefore, it was recently hypothesized that they could be used as an immunosuppression marker [35] and as a predictor of clinical results in pediatric lung transplantation
stratifying recipient risk [26].
Recently, AVs have been studied in various diseases. For instance, AVs seem to be
responsible for a portion of fever of unknown origin in children [25,36]. Noteworthy,
associations of AVs with chronic respiratory diseases, such as asthma or bronchiectasis, are
also reported in the literature [37]. Unfortunately, their ubiquitous nature makes it difficult
to define whether this association is really causal [25,36].
4. Anelloviruses and Immunity
The relationship between AV infection and human immunity is still to be clarified.
Several studies found an association between AV load and immune response [26,32–35].
For example, low AV genome copies seem to be associated with transplant rejection or
death in children who were transplanted [26], and it was suggested that human AV DNA
load increases with the dosage of immunosuppressive therapy [34]. In a multicenter
study performed in 2018, blood samples from 57 children included in the Clinical Trials in
Organ Transplantation in Children (CTOT-C03) cohort were collected: patients with low
alphatorquevirus levels at two weeks post-transplantation presented a higher probability
to progress to acute rejection within three months after transplant, and low betatorquevirus
levels at six weeks and six months after transplant were related to death and the composite
outcome, represented by death, chronic rejection, or retransplant within 2 years [26].
Another immunosuppression state which was associated with AVs is HIV infection. HIV1-positive patients presented high TTV and TTMV loads, with higher levels in subjects
with AIDS [38]. Thom and Petrick [38] investigated the TTV and TTMV viral loads in
the bone marrow and spleen of HIV-negative individuals, HIV-positive individuals, and
HIV-positive individuals who had developed AIDS: the titers of the AIDS-affected group
were meaningly higher compared with both the HIV-positive and negative groups both in
the bone marrow and the spleen [38]. Moreover, Shibayama et al. [32] showed an inverse
association between TTV levels and CD4 + T lymphocyte levels in HIV-1-positive persons:
they investigated the prevalence and relative titer of TTV DNA among 144 patients with
HIV infection by polymerase chain reaction (PCR) methods and found a higher prevalence
of TTV DNA in HIV-infected patients than in controls (91% versus 27%); they also found
a higher titer in HIV patients infected with AIDS, those with a low CD4 T cell count, or
those with high HIV viral loads [32]. On the other hand, other studies [39,40] did not
confirm these data. In their study, Nasser et al. [39] used primers for the detection of
197 bp localized in a region of the largest open reading frame (ORF-1) of the virus, in order
to determine TTV DNA prevalence in HIV-infected patients; they found a prevalence of
TTV DNA in HIV-infected patients of 12.5% and 6% among controls. The link between
TTV prevalence and HIV-1 plasma viral load was also analyzed: there was no evidence of
the association of TTV with CD4+ and CD8+ T cells in both asymptomatic subjects with
a low HIV load and symptomatic patients with a high HIV load. Moen et al. [40] also
found that CD4 + counts were not significantly consistent with the variations in TTV and
TTMV concentrations.
The mechanism by which the virus interacts with our immune system is unknown.
Airway epithelial cells (AEC) are the first line of defense of the innate immune response, acting as sentinel cells in response to infection and constituting a physicochemical
barrier. Pathogen-associated molecular patterns (PAMP) on the surface of infectious agents
are recognized through pattern recognition receptors (PRR), e.g., Toll-like receptors (TLRs)
and intracellular RNA helicases, and activate innate immune responses [41–47]. Other
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cells such as macrophages (AM) and dendritic cells (DC) are also involved [48]. The interaction among viruses and dendritic cells is mediated by several PRRs including TLRs
(and TLR-9 is the most important); it seems that this microorganism–host relation has an
effect on the balance among Th1, Th2, or Th17 subtypes, particularly in the respiratory
airways [41–46]. One of the mechanisms proposed is that microbial products connected
to TLRs on airway epithelial cells facilitate the discharge of the IL-7-like cytokines and
thymic stromal lymphopoietin, while microbial components, interacting with TLRs on DCs,
increase the expression of costimulatory molecules. The final result is a shift towards Th2
inflammation [47,48]. Another actor in the interaction between viruses and the immune
system is micro-RNAs (miRNAs), both cellular and viral. Cellular miRNAs can block the
translation of the viral genes, resist the block of apoptosis, and then contrast the persistent
replication; in animal models, they can also polarize macrophages toward an allergic
pattern of inflammation [49,50]. Viral miRNAs modulate the expression of viral genes and
therefore also the interaction with the immune system and the resulting inflammation.
However, miRNAs probably have a very complex role in inflammation: in fact, they are
reported as both up-regulators and down-regulators of inflammation in several diseases,
including asthma [50].
In regard to TTVs, it seems that TTVs come in contact with many pathogen-associated
molecular pattern (PAMP) receptors (PRR), activating immune and inflammatory responses [51–54]. TLRs in infected cells are also stimulated by the genome of TTVs and its
replication intermediates (unmethylated heterodimers of guanosine and cytosine (CpGs));
indeed, it has been reported that when TLR-9 detects CpGs, it triggers the release of inflammatory cytokines, such as IFN-α, interleukin (IL)-6, and IL-12. At the same time, TLR-9 can
also generate an inhibitory signal [51,54,55]. Since both stimulatory and inhibitory CpGs
are present in the DNA of TTV (as well as in most pathogens): the amount of stimulatory
and inhibitory CpGs affects the interaction with TLR9 and therefore the development of
inflammation [54,55]. In particular, TTV genogroup 4 is rich in stimulatory CpGs and
activates TLR-9 in mouse spleen cells in vitro, enhancing the release of pro-inflammatory
cytokines [51]. Maggi et al. [27] analyzed the presence, type, and load of TTV in nasal and
plasma specimens by PCR assay in blood and nasal samples of more than one hundred
children with ARD (acute respiratory distress): they found that the average loads of TTV
were significantly higher in patients with pneumonia rather than in patients with less
severe disease; specifically, TTV group 4 was detected only in the case of pneumonia [27].
Furthermore, TTV can shape the immune system by the interaction with inflammasomes
and intracellular multiprotein complexes, which promote the tolerance or the susceptibility
to infectious agents [52].
Concerning miRNAs, Kincaid et al. [53] showed that TTVs encode miRNAs which
act on transcripts of their host cell, and that one of these miRNAs down-regulates the
transcription of the NMI protein, which is associated with the interferon pathway and
cytokine production in response to viral infection [53]; therefore, the authors suggested
that TTV miRNAs allow viral persistence and immune escape.
In addition, the type of miRNA produced is different in ill patients [55,56]. In particular, the presence of TTV DNA and miRNA expression was evaluated in plasma samples of
77 diseased patients (20 with HIV infection, 18 with hepatitis B virus infection, 18 with hepatitis C (HCV) virus infection, and 21 solid organ transplants), and 25 healthy subjects: TTV
prevalence was significantly higher in sickly patients (80%, 62/77) than in controls (60%,
15/25), and genetic TTV analysis showed a different prevalence of different miRNAs [55].
Noteworthy, miRNA production and release did not correlate with virus replication [55].
However, the role and the significance of TTV miRNAs, as well as the general role of
miRNAs in the inflammatory pattern, are not yet completely understood.
Once in the bloodstream, TTV virions interact with immunoglobulins to form antibody–
virus complexes, triggering the humoral immune response [57–61]. The principal target
for immune recognition is the open reading frame (ORF) 1 protein, the putative protein
forming the capsid of the virus. It seems that the ORF1 protein and the ORF2 protein,
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which is thought to be a phosphatase, are recognized by antibodies. Antibodies against
ORF1 and ORF2 were found in people with a detectable TTV load [58]. On the other hand,
it was demonstrated that AVs have developed some specific mechanisms to persist in
the host: ORF2 can suppress Nuclear Factor κB (NFκb) translocation to the cell nucleus
and, consequently, its capability to promote transcription of genes, such as IL-6, IL-8, and
cyclooxygenase-2, reducing the host inflammatory response [59]. More recently, it was
found that TTV particles can spread in the body within the exosomes, increasing the capacity of diffusion of the virus: exosomes allow the entry of TTV in otherwise non-permissive
cells, and the virus within them may be protected from neutralizing antibodies [62]. A
summary of the aforementioned mechanisms is provided in Tables 1 and 2.
Table 1. Interaction between AVs and immune system.
TTVs and Innate Immunity

•

Interaction with PAMP receptors (PRR) and inflammasome

•

TTVs genome and CpGs stimulate TLR in infected cells: inflammatory cytokines (IFN-α,
IL-6 and IL-12) are released

TTVs and Adaptative Immunity

•

ORF1 and ORF2 are recognized

•

TTV load inverse correlation with T lymphocytes

•

TTV load positive correlation with eosinophils

PAMP: Pathogen-associated molecular patterns; TTV: torque teno virus; PRR: pattern recognition receptors; CpGs:
unmethylated heterodimers of guanosine and cytosine; TLR: Toll-like receptors; ORF: open reading frame.

Table 2. Potential escape mechanisms used by anelloviruses to elude the immune system.
Immuno-Escape Mechanisms

•

Inhibitory CpGs interaction with TLR

•

ORF2 inhibits NFkb translocation to the nucleus: IL-6, IL-8 and cyclooxygenase-2
are reduced

•

miRNA interaction with interferon antiviral pathway

•

Exosomes protect TTVs from neutralizing antibodies

TTV: torque teno virus; PRR: pattern recognition receptors; CpGs: unmethylated heterodimers of guanosine and
cytosine; TLR: Toll-like receptors; ORF: open reading frame.

5. Anelloviruses and Chronic Respiratory Diseases
The global incidence of chronic lung diseases (CLDs), as well as the socio-economic
burden derived from them, is rising [63,64]. Respiratory microbiomes (bacterial microbiome, virome, mycobiome, parasitome) during CLDs would result in being impaired and
easily affected by several environmental factors (air pollution, allergens, infections, and
cigarette smoke) [65]. However, further research is needed to better investigate which risk
factors impair the diversity of the microbiome in the lungs. Furthermore, it is generally
thought that in early life, factors influencing the airway microbiome, such as diet, the
environment, and genetic background, might induce the development of the pulmonary
immune system. A microbial imbalance during growth may lay the groundwork for
subsequent lung disease [66].
Among CLDs, asthma is the most frequent chronic inflammatory disease in childhood,
and its annual incidence is increasing [64,67–69]. Phase III of the International Study of
Asthma and Allergy in Childhood (ISAAC study) showed that the worldwide prevalence
of current wheezing increased, on average, by 0.06% per year in the 13–14 year age group,
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and by 0.13% per year in the 6–7 year age group [67]. Despite the increasing burden of
this lung pathological condition, currently, the therapeutic options are scarce. Inhaled
corticosteroids (ICs) remain the cornerstone for the therapy of children with persistent
asthma, although a small proportion of asthmatics are resistant to ICs [70]. A natural
history of asthma is characterized by exacerbations which are one of the most common
causes of hospital admissions in children [68,69]. Although the role of viruses as triggers
of asthma flare-ups has been widely studied [71–75], recent studies have investigated a
potential link between some new viral families, such as AV and Redondoviridae, and
chronic respiratory diseases in children, particularly in asthma [27,37,76].
However, mechanisms causing asthma exacerbations are still not fully understood
and are different among children [77,78]. Hence, a better comprehension of the underlying
pathogenic processes could lead to further treatment options [78,79]. The introduction of
non-culture-based methods (i.e., next-generation sequencing technologies) has yielded
the detection of previously unknown human pathogens [80,81], leading to better investigating the host–microbiome interactions and specifically the part of the virome in lung
diseases [80]. Potential drugs might be obtained for manipulating the lung microbiome, using, as targets, specific microbes or their products (toxins, metabolites) [82]. Zhou et al. [83]
demonstrated that 33% of samples collected in asymptomatic children with asthma contained viruses, and most of them were rhinoviruses (64%). In addition, the presence of
viruses in the samples at the baseline was not predictive of the following asthma exacerbations [83].
Similarly, in 211 nasopharyngeal samples obtained from children with asthma flareups, viruses were identified in 20% of the study population, specifically rhinovirus, RSV,
and enterovirus [84].
Using a metagenomics approach, a viral dysbiosis was also evident in nasopharyngeal
aspirates of asthmatic children, characterized by a decrement of bacteriophages and an
increase in viral families, mostly represented by AVs and picornaviruses [85,86].
Nowadays, it is known that the patients susceptible to asthma exacerbations present a
definite phenotype characterized by, or an airway inflammation related to, an asthmatic
process, such as an inflammatory pattern derived from the response to pathogens [77].
However, whether the airway inflammation related to an asthmatic process primes the
pathogenic effect of the viral infection, or whether the virus yields an exaggerated inflammatory response is still much discussed, and this question has been a pivotal matter
of several studies over the past 25 years [45,71–75]. Actually, no specific harmful effect
has been attributed to any AV thus far [87]. However, the presence and the high load of
TTV have been associated with some acute respiratory diseases both in children and in
adults [27,88]. In adults, Xie et al. [89] showed a high prevalence of distribution of torque
teno virus (95.6%) in the lungs of 91 patients with COPD, revealing that the observation rate
of TTV in COPD is higher than that of other chronic respiratory diseases. Interestingly, the
authors stated that an alteration of the immune system in COPD patients could contribute
to the high prevalence of TTV, reflecting the immunocompetence of hosts [88,89].
More recently, in adult patients with coronavirus disease 2019 (COVID-19), the respiratory microbiome was investigated to detect potential changes in the bacterial communities
and commensal viruses, such as AVs and redondoviruses, in association with this pathological condition [89,90]; specifically, the authors collected 507 oropharyngeal, nasopharyngeal,
and endotracheal samples from 83 hospitalized COVID-19 patients and 75 samples from
13 critically ill patients hospitalized for other diseases, showing an interesting dysbiosis of
the lung microbiome in hospitalized patients with COVID-19 compared to other patients.
Noteworthy, the authors found that AVs and redondoviruses resulted in being important
factors to distinguish patients that were intubated or not [89,90].
In the pediatric population, children with pneumonia showed visibly higher TTV loads
than children with a milder lung infection [27,90]. Maggi and Bendinelli [91] suggested
that TTV, probably in combination with other viruses, might act as an “strengthener” of
the inflammatory mechanism or at the systemic level at specific body sites (upper and
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lower respiratory tracts). The authors stated that the airways could be a primary site of
infection and replication in infants with acute respiratory disease [92]. Pifferi et al. [90]
found an important association between lung function parameters and nasal TTV load
in children with asthma and no association between them and nasal TTV load in healthy
controls. Specifically, the authors showed abnormal forced expiratory flow between 25
and 75% (FEF25–75%) of forced vital capacity (FVC) values more frequently in asthmatic
children with a high nasal TTV load compared to those asthmatic children with a low TTV
viral load. In addition, other spirometric indices, such as the forced expiratory volume in
1 s (FEV1)/FVC ratio and FEF25–75%/FVC ratio, were significantly lower in asthmatic
children with a high TTV load than those asthmatic children with a low TTV load [90].
The link between TTV load and airflow obstruction was confirmed in a group of patients
affected by radiologically detected bronchiectasis: there was an association of TTV loads
with FEF25–75% and the FEF25–75%/FVC ratio. In patients with bronchiectasis, a higher
prevalence of TTV was found compared to controls (96% versus 45%) [92]. In addition
to the association with impaired pulmonary function, high TTV loads might contribute
to lymphocyte imbalances during respiratory disease [93]. In the peripheral blood of
40 children with ARD, there was an inverse correlation between the percentages of total T
lymphocytes (CD3) and T helper, and the detection rate of TTV; on the other hand, there
was a positive correlation between the percentages of CD19 cells (B lymphocytes) and
the detection rate of TTV [93]. Moreover, a role of TTV in the activity of eosinophils was
suggested: in a group of children with ARD, the levels of serum eosinophil cationic protein
(s-ECP) were significantly higher in children who were positive for the presence of TTV
than those who were negative for the presence of TTV; in addition, an association was
observed between TTV loads and the concentrations of s-ECP [37]. The authors suggested
that TTV infection represented an “enhancer” or contributing factor which strengthened
the release of ECP and other effector molecules. TTV infection could play a crucial role in
airway hyperreactivity pathogenesis [37] given that in young children, high concentrations
of s-ECP predict an increased likelihood of developing airway hyperreactivity and asthma
later in life [93–96]. In patients with an allergic sensitization, TTV might worsen the extent
and the severity of the allergic inflammatory response. More recently, an association was
also found between TTV loads and exhaled nitric oxide, a sensitive marker of airway
inflammation in asthmatic children [97].
Recent studies using molecular techniques have shown that antibiotics modified
the composition of the pediatric cystic fibrosis (CF) microbiome, and, in addition, their
repeated use also affected healthy airway commensals [98,99]. Willner et al. [99] assessed
the changes in the distribution of viruses within two sets of CF lungs: in explanted lungs
and in postmortem lungs; the virome in the right middle lobe of the postmortem lungs
was mostly characterized by sequences closely related to TTV3.
Although the aforementioned studies found an association of TTV with chronic
respiratory diseases and the impairment of lung function, the specific role of TTV in
pediatric CF remains unknown [92].
Furthermore, Abbas et al. [76] showed that Anelloviridae was the first most frequent human DNA virus family revealed in 20 datasets among the most common human
DNA virus families (Adenoviridae, Redondoviridae, Herpesviridae, Papillomaviridae,
Parvoviridae, and Polyomaviridae), followed by Redondoviridae, a family of small, circular
DNA viruses recently discovered [76]. Colonies of redondoviruses are found in human
oro-respiratory sites and are involved in several human disorders, such as periodontitis
and respiratory failure [76]. Noteworthy, only the presence of AVs was significantly concomitant with the presence of redondoviruses; the authors speculated that, probably, this
concurrence of both viral families might be due to the inflammatory environment, which
is similarly favorable for the replication of both, alternatively to a multiple displacement
amplification which is enriched for both AVs and redondoviruses, leading to their better
co-detection [76].

Microorganisms 2021, 9, 1357

9 of 13

Finally, according to the aforementioned studies, it seems that TTV and other AVs
can have a crucial role in lung function loss and asthma pathogenesis [55]. However, the
evidence is not certain enough to establish that AVs can take a part in the development
of chronic respiratory diseases, particularly in asthma. After this revision, what could
we assume? We could certainly assume that an alteration in the normal lung virome
occurs during asthma and other chronic respiratory diseases, but the pathogenetic role
of AVs still remains unknown [55]. Further investigations are warranted to better define
the spatial distribution and the composition of the virome in healthy subjects, the effects
of the virome on the lungs, and the virome–host interactions. In conclusion, TTVs are
associated with acute respiratory disease or exacerbated chronic lung disease [88,89], and
lower CD3+ and CD4+ T cell numbers and higher B cell and eosinophilic counts [27,37]
are associated with increased TTV loads. AVs probably have an immunomodulatory
activity, and in a suppressed host immune system, they could promote the exacerbation of
chronic pulmonary disease, as reported in COPD patients [89]. These findings could lay the
groundwork to personalize immunosuppression and antimicrobial prophylaxis treatments.
Additionally, a better comprehension of the all components of the virome could lead to the
development of novel microbe-based therapies (i.e., probiotics) or biomarkers (TTV load)
for the clinical management of CLDs in children, such as asthma.
Author Contributions: Conceptualization, G.D., M.A., and P.D.F.; resources, G.D. and P.D.F.; data
curation; writing—original draft preparation, G.D. and P.D.F.; writing—review and editing, G.D.
and M.A.; supervision, F.C. and S.D.P. All authors have read and agreed to the published version of
the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

Virgin, H.W. The Virome in Mammalian Physiology and Disease. Cell 2014, 157, 142–150. [CrossRef]
Mitchell, A.B.; Glanville, A.R. Introduction to Techniques and Methodologies for Characterizing the Human Respiratory Virome.
Methods Mol. Biol. 2018, 1838, 111–123. [CrossRef] [PubMed]
Wylie, K.M. The Virome of the Human Respiratory Tract. Clin. Chest Med. 2017, 38, 11–19. [CrossRef]
Singanayagam, A.; Joshi, P.V.; Mallia, P.; Johnston, S.L. Viruses exacerbating chronic pulmonary disease: The role of immune
modulation. BMC Med. 2012, 10, 27. [CrossRef] [PubMed]
Willner, D.; Furlan, M.; Haynes, M.; Schmieder, R.; Angly, F.E.; Silva, J.; Tammadoni, S.; Nosrat, B.; Conrad, D.; Rohwer, F.
Metagenomic Analysis of Respiratory Tract DNA Viral Communities in Cystic Fibrosis and Non-Cystic Fibrosis Individuals.
PLoS ONE 2009, 4, e7370. [CrossRef] [PubMed]
Vannella, K.M.; Moore, B.B. Viruses as co-factors for the initiation or exacerbation of lung fibrosis. Fibrogenesis Tissue Repair 2008,
1, 2. [CrossRef]
Willner, D.; Furlan, M. Deciphering the role of phage in the cystic fibrosis airway. Virulence 2010, 1, 309–313. [CrossRef]
Fancello, L.; Desnues, C.; Raoult, D.; Rolain, J.M. Bacteriophages and diffusion of genes encoding antimicrobial resistance in
cystic fibrosis sputum microbiota. J. Antimicrob. Chemother. 2011, 66, 2448–2454. [CrossRef]
Rolain, J.M.; Fancello, L.; Desnues, C.; Raoult, D. Bacteriophages as vehicles of the resistome in cystic fibrosis. J. Antimicrob.
Chemother. 2011, 66, 2444–2447. [CrossRef]
A Duerkop, B.; Hooper, L.V. Resident viruses and their interactions with the immune system. Nat. Immunol. 2013, 14, 654–659.
[CrossRef]
E James, C.; Davies, E.V.; Fothergill, J.; Walshaw, M.J.; Beale, C.M.; A Brockhurst, M.; Winstanley, C. Lytic activity by temperate
phages of Pseudomonas aeruginosa in long-term cystic fibrosis chronic lung infections. ISME J. 2015, 9, 1391–1398. [CrossRef]
Davies, E.V.; E James, C.; Kukavica-Ibrulj, I.; Levesque, R.C.; Brockhurst, M.; Winstanley, C. Temperate phages enhance pathogen
fitness in chronic lung infection. ISME J. 2016, 10, 2553–2555. [CrossRef] [PubMed]
Virgin, H.W.; Wherry, E.J.; Ahmed, R. Redefining Chronic Viral Infection. Cell 2009, 138, 30–50. [CrossRef] [PubMed]
Klumpp, J.; Fouts, D.E.; Sozhamannan, S. Next generation sequencing technologies and the changing landscape of phage
genomics. Bacteriophage 2012, 2, 190–199. [CrossRef] [PubMed]

Microorganisms 2021, 9, 1357

15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.

27.

28.
29.

30.
31.
32.
33.

34.

35.
36.
37.

38.
39.

10 of 13

The Human Microbiome Project Consortium. Structure, function and diversity of the healthy human microbiome. Nature 2012,
486, 207–214. [CrossRef]
Wommack, K.E.; Bhavsar, J.; Polson, S.W.; Chen, J.; Dumas, M.; Srinivasiah, S.; Furman, M.; Jamindar, S.; Nasko, D.J. VIROME: A
standard operating procedure for analysis of viral metagenome sequences. Stand. Genom. Sci. 2012, 6, 427–439. [CrossRef]
Grinde, B. Viruses belonging to Anelloviridae or Circoviridae as a possible cause of chronic fatigue. J. Transl. Med. 2020, 18, 485.
[CrossRef]
Nishizawa, T.; Okamoto, H.; Konishi, K.; Yoshizawa, H.; Miyakawa, Y.; Mayumi, M. A novel DNA virus (TTV) associated with
elevated transaminase levels in posttransfusion hepatitis of unknown etiology. Biochem. Biophys. Res. Commun. 1997, 241, 92–97.
[CrossRef]
Mushahwar, I.K.; Erker, J.C.; Muerhoff, A.S.; Leary, T.P.; Simons, J.N.; Birkenmeyer, L.G.; Chalmers, M.L.; Pilot-Matias, T.J.; Dexai,
S.M. Molecular and biophysical characterization of TT virus: Evidence for a new virus family infecting humans. Proc. Natl. Acad.
Sci. USA 1999, 96, 3177–3182. [CrossRef]
Pisani, G.; Antigoni, I.; Bisso, G.; Wirz, M.; Iudicone, P.; Miceli, M.; Gentili, G. Prevalence of TT viral DNA in italian blood donors
with and without elevated serum ALT levels: Molecular characterization of viral DNA isolates. Haematologica 2000, 85, 181–185.
Takahashi, K.; Iwasa, Y.; Hijikata, M.; Mishiro, S. Identification of a new human DNA virus (TTV-like mini virus, TLMV)
intermediately related to TT virus and chicken anemia virus. Arch. Virol. 2000, 145, 979–993. [CrossRef]
Naoumov, N.V.; Petrova, E.P.; Thomas, M.G.; Williams, R. Presence of a newly described human DNA virus (TTV) in patients
with liver disease. Lancet 1998, 352, 195–197. [CrossRef]
Ninomiya, M.; Nishizawa, T.; Takahashi, M.; Lorenzo, F.R.; Shimosegawa, T.; Okamoto, H. Identification and genomic characterization of a novel human torque teno virus of 3.2 kb. J. Gen. Virol. 2007, 88, 1939–1944. [CrossRef] [PubMed]
Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses; King, A.M.; Lefkowitz, E.; Adams, M.J.; Carstens,
E.B. (Eds.) Elsevier: Amsterdam, The Netherlands, 2011.
TeKippe, E.M.; Wylie, K.M.; Deych, E.; Sodergren, E.; Weinstock, G.; Storch, G.A. Increased Prevalence of Anellovirus in Pediatric
Patients with Fever. PLoS ONE 2012, 7, e50937. [CrossRef]
Blatter, J.A.; Sweet, S.C.; Conrad, C.; Danziger-Isakov, L.A.; Faro, A.; Goldfarb, S.B.; Hayes, D.; Melicoff, E.; Schecter, M.; Storch,
G.; et al. Anellovirus loads are associated with outcomes in pediatric lung transplantation. Pediatr. Transplant. 2018, 22, e13069.
[CrossRef]
Maggi, F.; Pifferi, M.; Fornai, C.; Andreoli, E.; Tempestini, E.; Vatteroni, M.; Presciuttini, S.; Marchi, S.; Pietrobelli, A.; Boner, A.;
et al. TT Virus in the Nasal Secretions of Children with Acute Respiratory Diseases: Relations to Viremia and Disease Severity. J.
Virol. 2003, 77, 2418–2425. [CrossRef]
Okamoto, H. History of Discoveries and Pathogenicity of TT Viruses. TT Viruses 2009, 331, 1–20. [CrossRef]
Ninomiya, M.; Takahashi, M.; Nishizawa, T.; Shimosegawa, T.; Okamoto, H. Development of PCR Assays with Nested Primers
Specific for Differential Detection of Three Human Anelloviruses and Early Acquisition of Dual or Triple Infection during Infancy.
J. Clin. Microbiol. 2008, 46, 507–514. [CrossRef] [PubMed]
Spandole, S.; Cimponeriu, D.; Berca, L.M.; Mihăescu, G. Human anelloviruses: An update of molecular, epidemiological and
clinical aspects. Arch. Virol. 2015, 160, 893–908. [CrossRef] [PubMed]
Moen, E.M.; Sagedal, S.; Bjøro, K.; Degré, M.; Opstad, P.K.; Grinde, B. Effect of immune modulation on TT virus (TTV) and
TTV-like-mini-virus (TLMV) viremia. J. Med. Virol. 2003, 70, 177–182. [CrossRef]
Shibayama, T.; Masuda, G.; Ajisawa, A.; Takahashi, M.; Nishizawa, T.; Tsuda, F.; Okamoto, H. Inverse relationship between the
titre of TT virus DNA and the CD4 cell count in patients infected with HIV. AIDS 2001, 15, 563–570. [CrossRef]
Young, J.C.; Chehoud, C.; Bittinger, K.; Bailey, A.; Diamond, J.M.; Cantu, E.; Haas, A.R.; Abbas, A.; Frye, L.; Christie, J.; et al. Viral
Metagenomics Reveal Blooms of Anelloviruses in the Respiratory Tract of Lung Transplant Recipients. Am. J. Transplant. 2015,
15, 200–209. [CrossRef]
De Vlaminck, I.; Khush, K.K.; Strehl, C.; Kohli, B.; Luikart, H.; Neff, N.F.; Okamoto, J.; Snyder, T.M.; Cornfield, D.N.; Nicolls,
M.R.; et al. Temporal Response of the Human Virome to Immunosuppression and Antiviral Therapy. Cell 2013, 155, 1178–1187.
[CrossRef] [PubMed]
Görzer, I.; Jaksch, P.; Kundi, M.; Seitz, T.; Klepetko, W.; Puchhammer-Stöckl, E. Pre-Transplant Plasma Torque Teno Virus Load
and Increase Dynamics after Lung Transplantation. PLoS ONE 2015, 10, e0122975. [CrossRef]
Wylie, K.M.; Mihindukulasuriya, K.A.; Sodergren, E.; Weinstock, G.M.; Storch, G.A. Sequence Analysis of the Human Virome in
Febrile and Afebrile Children. PLoS ONE 2012, 7, e27735. [CrossRef] [PubMed]
Maggi, F.; Pifferi, M.; Tempestini, E.; Lanini, L.; De Marco, E.; Fornai, C.; Andreoli, E.; Presciuttini, S.; Vatteroni, M.L.; Pistello, M.;
et al. Correlation between Torque Tenovirus Infection and Serum Levels of Eosinophil Cationic Protein in Children Hospitalized
for Acute Respiratory Diseases. J. Infect. Dis. 2004, 190, 971–974. [CrossRef]
Thom, K.; Petrik, J. Progression towards AIDS leads to increased torque teno virus and torque teno minivirus titers in tissues of
HIV infected individuals. J. Med. Virol. 2007, 79, 1–7. [CrossRef]
Nasser, T.F.; de Oliveira, K.B.; Reiche, E.M.V.; Amarante, M.K.; Fungaro, M.H.P.; Watanabe, M.A.E. Detection of TT virus in HIV-1
exposed but uninfected individuals and in HIV-1 infected patients and its influence on CD4+ lymphocytes and viral load. Microb.
Pathog. 2009, 47, 33–37. [CrossRef] [PubMed]

Microorganisms 2021, 9, 1357

40.
41.
42.

43.
44.
45.

46.

47.
48.

49.
50.
51.

52.
53.
54.
55.

56.
57.

58.

59.
60.
61.
62.
63.

64.

65.

11 of 13

Moen, E.M.; Sleboda, J.; Grinde, B. Serum concentrations of TT virus and TT virus-like mini virus in patients developing AIDS.
AIDS 2002, 16, 1679–1682. [CrossRef]
Lemanske, R.F., Jr. Viral infections and asthma inception. J. Allergy Clin. Immunol. 2004, 114, 1023–1026. [CrossRef]
Lemanske, R.F., Jr.; Jackson, D.J.; Gangnon, R.E.; Evans, M.D.; Li, Z.; Shult, P.A.; Kirk, C.J.; Reisdorf, E.; Roberg, K.A.; Anderson,
E.L.; et al. Rhinovirus illnesses during infancy predict subsequent childhood wheezing. J. Allergy Clin. Immunol. 2005, 116,
571–577. [CrossRef] [PubMed]
Gern, J.E.; Rosenthal, L.A.; Sorkness, R.L.; Lemanske, R.F. Effects of viral respiratory infections on lung development and
childhood asthma. J. Allergy Clin. Immunol. 2005, 115, 668–674. [CrossRef] [PubMed]
Vareille, M.; Kieninger, E.; Edwards, M.R.; Regamey, N. The Airway Epithelium: Soldier in the Fight against Respiratory Viruses.
Clin. Microbiol. Rev. 2011, 24, 210–229. [CrossRef]
Lejeune, S.; Deschildre, A.; Le Rouzic, O.; Engelmann, I.; Dessein, R.; Pichavant, M.; Gosset, P.; Stéphanie, L.; Antoine, D.; Olivier,
L.R.; et al. Childhood asthma heterogeneity at the era of precision medicine: Modulating the immune response or the microbiota
for the management of asthma attack. Biochem. Pharmacol. 2020, 179, 114046. [CrossRef]
Durrani, S.R.; Montville, D.J.; Pratt, A.S.; Sahu, S.; DeVries, M.K.; Rajamanickam, V.; Gangnon, R.E.; Gill, M.A.; Gern, J.E.;
Lemanske, R.F.; et al. Innate immune responses to rhinovirus are reduced by the high-affinity IgE receptor in allergic asthmatic
children. J. Allergy Clin. Immunol. 2012, 130, 489–495. [CrossRef] [PubMed]
Holt, P.G.; Sly, P. Viral infections and atopy in asthma pathogenesis: New rationales for asthma prevention and treatment. Nat.
Med. 2012, 18, 726–735. [CrossRef]
De Heer, H.J.; Hammad, H.; Soullié, T.; Hijdra, D.; Vos, N.; Willart, M.A.; Hoogsteden, H.C.; Lambrecht, B.N. Essential Role of
Lung Plasmacytoid Dendritic Cells in Preventing Asthmatic Reactions to Harmless Inhaled Antigen. J. Exp. Med. 2004, 200, 89–98.
[CrossRef] [PubMed]
Troy, N.M.; Bosco, A. Respiratory viral infections and host responses; insights from genomics. Respir. Res. 2016, 17, 156. [CrossRef]
Dissanayake, E.; Inoue, Y. MicroRNAs in Allergic Disease. Curr. Allergy Asthma Rep. 2016, 16, 67. [CrossRef]
Rocchi, J.; Ricci, V.; Albani, M.; Lanini, L.; Andreoli, E.; Macera, L.; Pistello, M.; Ceccherini-Nelli, L.; Bendinelli, M.; Maggi,
F. Torquetenovirus DNA drives proinflammatory cytokines production and secretion by immune cells via toll-like receptor 9.
Virology 2009, 394, 235–242. [CrossRef]
Freer, G.; Maggi, F.; Pistello, M. Virome and Inflammasomes, a Finely Tuned Balance with Important Consequences for the Host
Health. Curr. Med. Chem. 2019, 26, 1027–1044. [CrossRef] [PubMed]
Kincaid, R.P.; Burke, J.M.; Cox, J.C.; De Villiers, E.-M.; Sullivan, C.S. A Human Torque Teno Virus Encodes a MicroRNA That
Inhibits Interferon Signaling. PLoS Pathog. 2013, 9, e1003818. [CrossRef] [PubMed]
Krieg, A.M. Cpg motifs inbacterialdnaandtheirimmuneeffects. Annu. Rev. Immunol. 2002, 20, 709–760. [CrossRef] [PubMed]
Freer, G.; Maggi, F.; Pifferi, M.; Di Cicco, M.E.; Peroni, D.G.; Pistello, M. The Virome and Its Major Component, Anellovirus, a
Convoluted System Molding Human Immune Defenses and Possibly Affecting the Development of Asthma and Respiratory
Diseases in Childhood. Front. Microbiol. 2018, 9, 686. [CrossRef] [PubMed]
Vignolini, T.; Macera, L.; Antonelli, G.; Pistello, M.; Maggi, F.; Giannecchini, S. Investigation on torquetenovirus (TTV) microRNA
transcriptome in vivo. Virus Res. 2016, 217, 18–22. [CrossRef]
Itoha, Y.; Takahashib, M.; Fukudaa, M.; Shibayamac, T.; Ishikawad, T.; Tsudae, F.; Tanakaf, T.; Nishizawab, T.; Okamoto, H.
Visualization of TT Virus Particles Recovered from the Sera and Feces of Infected Humans. Biochem. Biophys. Res. Commun. 2000,
279, 718–724. [CrossRef] [PubMed]
Kakkola, L.; Bondén, H.; Hedman, L.; Kivi, N.; Moisala, S.; Julin, J.; Ylä-Liedenpohja, J.; Miettinen, S.; Kantola, K.; Hedman,
K.; et al. Expression of all six human Torque teno virus (TTV) proteins in bacteria and in insect cells, and analysis of their IgG
responses. Virology 2008, 382, 182–189. [CrossRef]
Zheng, H.; Ye, L.; Fang, X.; Li, B.; Wang, Y.; Xiang, X.; Kong, L.; Wang, W.; Zeng, Y.; Ye, L.; et al. Torque Teno Virus (SANBAN
Isolate) ORF2 Protein Suppresses NF-κB Pathways via Interaction with IκB Kinases. J. Virol. 2007, 81, 11917–11924. [CrossRef]
Tsuda, F. IgM-class antibodies to TT virus (TTV) in patients with acute TTV infection. Hepatol. Res. 2001, 19, 1–11. [CrossRef]
Mankotia, D.S.; Irshad, M. Cloning and expression of N22 region of Torque Teno virus (TTV) genome and use of peptide in
developing immunoassay for TTV antibodies. Virol. J. 2014, 11, 96. [CrossRef]
Martelli, F.; Macera, L.; Spezia, P.G.; Medici, C.; Pistello, M.; Guasti, D.; Romagnoli, P.; Maggi, F.; Giannecchini, S. Torquetenovirus
detection in exosomes enriched vesicles circulating in human plasma samples. Virol. J. 2018, 15, 145. [CrossRef]
World Health Organization. Global Surveillance, Prevention and Control of Chronic Respiratory Diseases. A Comprehensive Approach;
WHO: Geneva, Switzerland, 2007; Available online: http://www.who.int/gard/publications/GARD_Manual/en/ (accessed on
25 January 2020).
Mukherjee, M.; Stoddart, A.; Gupta, R.P.; Nwaru, B.I.; Farr, A.; Heaven, M.; Fitzsimmons, D.; Bandyopadhyay, A.; Aftab, C.;
Simpson, C.; et al. The epidemiology, healthcare and societal burden and costs of asthma in the UK and its member nations:
Analyses of standalone and linked national databases. BMC Med. 2016, 14, 113. [CrossRef]
Arrieta, M.-C.; Stiemsma, L.T.; Dimitriu, P.A.; Thorson, L.; Russell, S.; Yurist-Doutsch, S.; Kuzeljevic, B.; Gold, M.J.; Britton, H.M.;
Lefebvre, D.L.; et al. Early infancy microbial and metabolic alterations affect risk of childhood asthma. Sci. Transl. Med. 2015, 7,
307ra152. [CrossRef]

Microorganisms 2021, 9, 1357

66.
67.

68.
69.
70.
71.
72.
73.
74.
75.
76.

77.
78.

79.
80.

81.
82.

83.
84.
85.

86.
87.
88.
89.

90.

91.

12 of 13

Lal, C.V.; Travers, C.; Aghai, Z.H.; Eipers, P.; Jilling, T.; Halloran, B.; Carlo, W.A.; Keeley, J.; Rezonzew, G.; Kumar, R.; et al. The
Airway Microbiome at Birth. Sci. Rep. 2016, 6, 31023. [CrossRef]
Pearce, N.; Aït-Khaled, N.; Beasley, R.; Mallol, J.; Keil, U.; Mitchell, E.; Robertson, C. Worldwide trends in the prevalence of
asthma symptoms: Phase III of the International Study of Asthma and Allergies in Childhood (ISAAC). Thorax 2007, 62, 758–766.
[CrossRef] [PubMed]
Lenney, W.; Bush, A.; Fitzgerald, D.A.; Fletcher, M.; Ostrem, A.; Pedersen, S.; Szefler, S.J.; Zar, H.J. Improving the global diagnosis
and management of asthma in children. Thorax 2018, 73, 662–669. [CrossRef]
Ferrante, G.; La Grutta, S. The Burden of Pediatric Asthma. Front. Pediatr. 2018, 6, 186. [CrossRef]
Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. 2021. Available online: www.ginasthma.
org (accessed on 20 February 2021).
Hossain, F.M.A.; Choi, J.Y.; Uyangaa, E.; Park, S.O.; Eo, S.K. The Interplay between Host Immunity and Respiratory Viral Infection
in Asthma Exacerbation. Immune Netw. 2019, 19, e31. [CrossRef] [PubMed]
Brooks, G.D.; Buchta, K.A.; Swenson, C.A.; Gern, J.E.; Busse, W.W. Rhinovirus-induced Interferon-γ and Airway Responsiveness
in Asthma. Am. J. Respir. Crit. Care Med. 2003, 168, 1091–1094. [CrossRef] [PubMed]
Chau-Etchepare, F.; Hoerger, J.L.; Kuhn, B.T.; A Zeki, A.; Haczku, A.; Louie, S.; Kenyon, N.J.; E Davis, C.; Schivo, M. Viruses and
non-allergen environmental triggers in asthma. J. Investig. Med. 2019, 67, 1029–1041. [CrossRef] [PubMed]
Jartti, T.; Bønnelykke, K.; Elenius, V.; Feleszko, W. Role of viruses in asthma. Semin. Immunopathol. 2020, 42, 61–74. [CrossRef]
[PubMed]
Jartti, T.; Gern, J.E. Role of viral infections in the development and exacerbation of asthma in children. J. Allergy Clin. Immunol.
2017, 140, 895–906. [CrossRef] [PubMed]
Abbas, A.; Taylor, L.J.; Dothard, M.I.; Leiby, J.S.; Fitzgerald, A.S.; Khatib, L.A.; Collman, R.G.; Bushman, F.D. Redondoviridae, a
Family of Small, Circular DNA Viruses of the Human Oro-Respiratory Tract Associated with Periodontitis and Critical Illness.
Cell Host Microbe 2019, 25, 719–729.e4. [CrossRef]
Bush, A. Cytokines and Chemokines as Biomarkers of Future Asthma. Front. Pediatr. 2019, 7, 72. [CrossRef]
D’Anna, S.E.; Maniscalco, M.; Cappello, F.; Carone, M.; Motta, A.; Balbi, B.; Ricciardolo, F.L.M.; Caramori, G.; Di Stefano, A.
Bacterial and viral infections and related inflammatory responses in chronic obstructive pulmonary disease. Ann. Med. 2021, 53,
135–150. [CrossRef] [PubMed]
Budden, K.F.; Gellatly, S.L.; Wood, D.L.A.; Cooper, M.A.; Morrison, M.; Hugenholtz, P.; Hansbro, P.M. Emerging pathogenic links
between microbiota and the gut–lung axis. Nat. Rev. Microbiol. 2017, 15, 55–63. [CrossRef]
Langelier, C.; Kalantar, K.L.; Moazed, F.; Wilson, M.R.; Crawford, E.D.; Deiss, T.; Belzer, A.; Bolourchi, S.; Caldera, S.; Fung, M.;
et al. Integrating host response and unbiased microbe detection for lower respiratory tract infection diagnosis in critically ill
adults. Proc. Natl. Acad. Sci. USA 2018, 115, E12353–E12362. [CrossRef]
Guttenberg, M.A.; Vose, A.T.; Tighe, R.M. Role of Innate Immune System in Environmental Lung Diseases. Curr. Allergy Asthma
Rep. 2021, 21, 34. [CrossRef] [PubMed]
Budden, K.F.; Shukla, S.; Rehman, S.F.; Bowerman, K.; Keely, S.; Hugenholtz, P.; Armstrong-James, D.; Adcock, I.M.; Chotirmall,
S.H.; Chung, K.F.; et al. Functional effects of the microbiota in chronic respiratory disease. Lancet Respir. Med. 2019, 7, 907–920.
[CrossRef]
Zhou, Y.; Jackson, D.; Bacharier, L.B.; Mauger, D.; Boushey, H.; Castro, M.; Durack, J.; Huang, Y.; Jr, R.F.L.; Storch, G.A.; et al. The
upper-airway microbiota and loss of asthma control among asthmatic children. Nat. Commun. 2019, 10, 5714. [CrossRef]
Robledo Aceves, M.; Barrón Balderas, A.; Jaime Ornelas, M.L. Most commonly isolated viruses in asthma exacerbation and their
correlation with eosinophil and total serum immunoglobulin E levels. Arch. Argent Pediatr. 2018, 116, 192–197.
Megremis, S.; Constantinides, B.; Xepapadaki, P.; Bachert, C.; Neurath-Finotto, S.; Jartti, T.; Kowalski, M.L.; Sotiropoulos, A.G.;
Tapinos, A.; Vuorinen, T.; et al. Bacteriophage deficiency characterizes respiratory virome dysbiosis in childhood asthma. bioRxiv
2020. [CrossRef]
Görzer, I.; Haloschan, M.; Jaksch, P.; Klepetko, W.; Puchhammer-Stöckl, E. Plasma DNA levels of Torque teno virus and
immunosuppression after lung transplantation. J. Heart Lung Transplant. 2014, 33, 320–323. [CrossRef] [PubMed]
Kaczorowska, J.; van der Hoek, L. Human anelloviruses: Diverse, omnipresent and commensal members of the virome. FEMS
Microbiol. Rev. 2020, 44, 305–313. [CrossRef] [PubMed]
Prasetyo, A.A.; Desyardi, M.N.; Tanamas, J.; Kageyama, S.; Chikumi, H.; Shimizu, E. Respiratory Viruses and Torque Teno Virus
in Adults with Acute Respiratory Infections. Intervirology 2015, 58, 57–68. [CrossRef] [PubMed]
Xie, Y.; Xue, Q.; Jiao, W.; Wu, J.; Yu, Y.; Zhao, L.; Xu, Y.; Deng, X.; Fang, G.; Zheng, Y.; et al. Associations Between Sputum Torque
Teno Virus Load and Lung Function and Disease Severity in Patients With Chronic Obstructive Pulmonary Disease. Front. Med.
2021, 8, 618757. [CrossRef] [PubMed]
Pifferi, M.; Maggi, F.; Andreoli, E.; Lanini, L.; De Marco, E.; Fornai, C.; Vatteroni, M.L.; Pistello, M.; Ragazzo, V.; Macchia, P.; et al.
Associations between Nasal Torquetenovirus Load and Spirometric Indices in Children with Asthma. J. Infect. Dis. 2005, 192,
1141–1148. [CrossRef]
Maggi, F.; Bendinelli, M. Immunobiology of the Torque Teno Viruses and Other Anelloviruses. TT Viruses 2009, 331, 65–90.
[CrossRef]

Microorganisms 2021, 9, 1357

92.

93.

94.
95.

96.
97.
98.
99.

13 of 13

Pifferi, M.; Maggi, F.; Caramella, D.; De Marco, E.; Andreoli, E.; Meschi, S.; Macchia, P.; Bendinelli, M.; Boner, A.L. High
Torquetenovirus Loads Are Correlated With Bronchiectasis and Peripheral Airflow Limitation in Children. Pediatr. Infect. Dis. J.
2006, 25, 804–808. [CrossRef]
Maggi, F.; Pifferi, M.; Tempestini, E.; Fornai, C.; Lanini, L.; Andreoli, E.; Vatteroni, M.; Presciuttini, S.; Pietrobelli, A.; Boner, A.;
et al. TT Virus Loads and Lymphocyte Subpopulations in Children with Acute Respiratory Diseases. J. Virol. 2003, 77, 9081–9083.
[CrossRef]
Polavarapu, M.; Klonoff-Cohen, H. Serum ECP as a diagnostic marker for asthma in children less than 5 years: A systematic
review and meta-analysis. Pediatr. Pulmonol. 2020, 55, 3243–3251. [CrossRef] [PubMed]
Njå, F.; Røksund, O.D.; Carlsen, K.-H. Eosinophil cationic protein (ECP) in schoolchildren living in a mountainous area of
Norway: A population-based study of ECP as a tool for diagnosing asthma in children with reference values. Allergy 2001, 56,
138–144. [CrossRef]
Jiang, X.-G.; Yang, X.-D.; Lv, Z.; Zhuang, P.-H. Elevated serum levels of TNF-α, IL-8, and ECP can be involved in the development
and progression of bronchial asthma. J. Asthma 2017, 55, 111–118. [CrossRef] [PubMed]
Linsuwanon, P.; Poovorawan, Y.; Li, L.; Deng, X.; Vongpunsawad, S.; Delwart, E. The Fecal Virome of Children with Hand, Foot,
and Mouth Disease that Tested PCR Negative for Pathogenic Enteroviruses. PLoS ONE 2015, 10, e0135573. [CrossRef] [PubMed]
De Koff, E.M.; De Winter-De Groot, K.M.; Bogaert, D. Development of the respiratory tract microbiota in cystic fibrosis. Curr.
Opin. Pulm. Med. 2016, 22, 623–628. [CrossRef] [PubMed]
Willner, D.; Haynes, M.R.; Furlan, M.; Hanson, N.; Kirby, B.; Lim, Y.W.; Rainey, P.B.; Schmieder, R.; Youle, M.; Conrad, D.; et al.
Case Studies of the Spatial Heterogeneity of DNA Viruses in the Cystic Fibrosis Lung. Am. J. Respir. Cell Mol. Biol. 2012, 46,
127–131. [CrossRef]

