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Background 

1. Human Virome in Health and Disease: focus on the Central Nervous System 

Human beings are holobiont organisms: each individual hosts a variety of living bacteria, 

virus, fungi, and archaea, collectively known as microbiota. In this complex homeostatic 

ecosystem, predatory interactions coexist with cooperative dynamics [1]. 

Less known than the bacteriome, 

virome is the most diverse and 

abundant collection of human 

symbionts. It mainly consists of 

bacteriophages (estimated to be 1016 

within each human host) - the most 

common being lysogenic families of 

the orders Caudovirales, 

Tubulavirales, and Petitvirales [2,3]. In 

lower proportions lytic phages and 

eukaryotic viruses (e.g., 

Herpesviridae and Polyomaviridae) are also permanent members of the “human ecological 

niche” [2]. Virome is enriched during life, affected by age, health, and immune status, and 

by genetic and environmental determinants, and shows relatively stable intra-individual 

composition overtime and a good extent of inter-individual variability [2].  

Most of our knowledge about virome comes from the gut, due to translational approaches 

from bacteriome research and the easiness of sampling. More recently, the human virome 

of other body compartments has received more attention, including niches historically 

thought to be sterile: modern molecular techniques have found viral communities inhabiting 

the respiratory and urinary tract, the blood-stream, and notably the central nervous system 

(CNS) [2,4,5]. 

As the concept of “normal” microbiome is evolving, we are getting more familiar also with 

the existence of a “normal” or “balanced” virome, where multidirectional interactions 

between viruses and bacteria contribute to shape the resident microbial consortia along with 

the host immune system [2,3,6,7]. Consistent associations between virome composition and 

human health have been found, such as shifts in the phageome observed in inflammatory 

and autoimmune diseases [8,9]. Nevertheless, the causality remains elusive. Plausible 

hypotheses consider health and disease as the resulting sum of interactions within and 

Glossary 

Microbiota = the assemblage of genomes of 
microorganisms (bacteria, viruses, fungi) 
detected in a defined ecosystem (e.g., skin, 
CSF). 
Microbiome = the assemblage of genomes of 
microorganisms found in the whole human body. 
Virome = the viral component of the (human) 
microbiome. 
Phageome = the viral component of the (human) 
virome represented by bacteriophages. 
Bacteriome = the bacterial component of the 
human microbiome. 
We will use -biome and -biota interchangeably, 
unless otherwise specified. 
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between microbial consortia that modulate immune responses to disease-specific internal 

and external triggers [10,11]. 

A high-risk high-reward challenge is to understand whether human virome is involved in 

CNS inflammatory disorders, neurodegenerative processes, or in modulating cognitive 

functions and mood [8,9,12]. Fingerprint patterns of gut microbiome are linked with major 

depressive disorders and response to antidepressants [13]. Similarly, specific Caudovirales-

Microviridae ratio in the gut of humans, mice, and drosophila runs in parallel to cognition by 

possibly hijacking the bacterial host metabolism and resulting in different performance at 

executive functions and memory [14]. To date, most of the research linking microbiome and 

the CNS is by far driven again by investigations on the human gut and bacterial consortia. 

The idea of a gut-brain axis has been proposed to explain the several associations between 

gut microbiome composition and mental health outcomes (e.g, depression, 

neurodegenerative disorders, cognitive performance) in PWH [15–19] and in those without 

[20–25]. In both the populations, evidence suggest that the gut bacteriome can affect brain 

functions through: 1) inflammation of the CNS through chronic low-level stimulation of the 

innate immune system by structural bacterial components (e.g., lipopolysaccharides) and 

bacterial translocation through increased intestinal permeability; 2) dysfunctional adaptive 

immune response due to molecular mimicry (e.g., immune cells reacting to bacterial 

antigens that mimic antigens produced by the human body); 3) transfer of gut bacterial 

signals between the enteric nervous system and the brain through the vagus nerve; 4) gut 

bacteria production of hormones, neurotransmitters, and metabolites that may either directly 

or indirectly affect the brain [15–17]. However, virome is a direct controller of the microbiome 

composition, through predation and co-adaptation, and has its own immunomodulatory 

properties and effects [7,26]. Therefore, addressing only the bacterial component of gut 

microbiota may be too limited to fully understand mechanisms and functions of the gut-brain 

axis. Secondly, the existence of a cerebrospinal fluid (CSF) virome in healthy individuals has 

been described for the first time only in the 2019 [4], but since then no study has ever been 

performed to assess whether and how this local ecosystem can affect the CNS.  

2. Human Virome, HIV infection, and the Central Nervous System 

In the fifth decade of the HIV pandemic, the immune phenotype of people with HIV (PWH) 

is successfully no longer represented by severe immune deficiency. Thanks to antiretroviral 

therapy (ART), people engaged in HIV-care do not develop overt clinical manifestations 

caused by co-infecting opportunistic microbes. Rather than an immune deficiency disease, 

treated HIV infection has shifted into an immune dysregulation condition. In fact, compared 
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to the general population, the achievement of an optimal quality of life for PWH is threatened 

by chronic inflammation, immune activation, and immune senescence that persist at higher 

levels compared to people without HIV despite viral suppression [27,28]. All these come 

along with increased incidence of cardiovascular and malignancy events, mood and 

cognitive disorders, and complex syndromes such as frailty [29–33]. 

In this regard, other chronic infections (e.g., Herpesviridae, HBV, HCV) fuel immunological 

phenomena largely overlapping those observed in HIV infection, and the additive effects of 

viral co-infections upon HIV-associated immune dysregulation is robustly acknowledged 

[34–36]. However, the lens has been so far focused on eukaryotic viruses only, and the role 

of the whole virome in shaping HIV infection and its interactions with the immune system 

has never been investigated.  Previous studies have described how human virome (mostly 

in the gut and blood) changes by HIV progression [37–40], as it is a passive bystander at 

the mercy of the overbearing retrovirus. Following the advancement in discoveries on human 

virome, multidirectional interactions between HIV and other members of the human 

ecosystem (e.g., prokaryotic viruses -e.g. bacteriophages- and human endogenous 

retroviruses) are also biologically plausible. 

The clinical presentation of HIV infection in the CNS has changed substantially since the 

pre-ART era, and amidst all, the progression to AIDS dementia drastically fell [41]. Despite 

this incredible success, the present epidemiology still strikes the eye. The global prevalence 

of mild asymptomatic or mildly symptomatic HIV-associated neurocognitive disorders 

(HAND) worryingly ranges between 20 and 50% [42]. Even more worryingly are the reports 

of up to 58% increase in risk of dementia of any type in older PWH on ART compared to 

matched HIV-negative controls without HIV [43–45]. 

The pathogenesis of HAND is heterogeneous, resulting in a complex spectrum of 

phenotypes. Extensive research has been devoted into understanding whether HIV infection 

causes accentuated and/or accelerated brain ageing [46]. However, after accounting for the 

direct effect of the virus, ART toxicity, normal and accelerated or accentuated aging, and 

comorbidities (e.g., cerebrovascular injury, drug use, CNS opportunistic infections), none of 

the best disease models has been able to explain the entireness of pathogenesis of such a 

complication, and conflicting results have also been provided for each of the proposed 

contributing etiologies according to clinical settings, confounding factors, and variables 

investigated [46–57]. Meanwhile, a relevant contribution of inflammation in major and minor 

depressive disorders is rising from recent data in the general population [58–60], and a 

relevant causative role of inflammation in HIV-associated depression has also been 
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described [61], and overall, among the mechanisms underlying both HAND and HIV-

associated depression, CNS inflammation is the stronger by evidence. 

Activated B cells can reinforce CNS inflammation by producing immune globulins 

intrathecally [62]. The exact antigenic drivers have been poorly identified, and HIV 

represents about only 5% of the targets [62]. Chronic viral infections have been candidate 

triggers in other neuroinflammatory disorders, and data in PWH support the role of CMV and 

EBV CNS reactivation [63,64]. In this context, also bacteriophages can induce plasma cells 

to secrete anti-bacteriophage-specific immunoglobulins [3,6]. Whether changes in CSF 

virome following HIV infection or HIV-induced perturbations in the immune system could 

help at explaining why, even under viral suppression, PWH may experience abnormal 

intrathecal synthesis and neurocognitive deficit is worthy of efforts, considering the 

repeatedly reported association between elevated synthesis of immune globulins within the 

CSF and poorer neurocognition [62,65]. Of high relevance, the additive risk of brain injury, 

depression, or cognitive impairment in the presence of specific co-infections (eukaryotic 

viruses) was reported in the general population [66–70], and now it is also following in PWH 

[52,63,64,71].  

A simplistic representation of the major pathways involved in neuro-HIV is depicted in Fig.1, 

together with examples of mechanisms acted by human bacteriophages that could intertwin 

with HIV physiopathology in the CNS. 
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Figure 1. Pathological features and mechanisms of HIV infection of the central 

nervous system and potential contributions of bacteriophages in shaping neuroHIV. 

The core of the figure shows common and rarer consequences of treated (e.g., amyloid plaques deposition, 
increased gliosis, tauopathy, altered intrathecal synthesis and persistent immune activation, blood-brain barrier 
(BBB) permeability, astrocytosis, cerebral vessels pathology, mood, and cognitive disorders) and untreated 
HIV infections in the CNS (e.g., cortical atrophy, ventricles enlargement, demyelinating pathology, 
macrophages and CD8+ T cell infiltrates, dementia). The yellow box summarizes immunomodulatory 
properties of phages that may act on immune pathways involved in neuro-HIV. The violet box summarizes 
possible interactions between phages and HIV-mediated processes through the gut-BBB axis: mainly by 
enhanced mixture of blood and CSF microbiome and by the modulation of microbial translocation (in 
abundance and composition) and of gut peptides and substances produced by gut bacteriome that can easily 
pass through leaking barriers and can affect the functions of CNS cells. The pink box summarizes what are to 
date hypothesized mechanisms of interactions between phages and neurodegenerative processes (protein 
misfolding on a prion-like domino effect and deposition of protein tangles). Of note, studies assessing the 
potency and direction of the effects of phages on all the presented mechanisms are mainly in vitro or in animal 
models and the overall strength of evidence is weak; the same potency and direction may change between 
species and strains of phages and according to their relative abundance. Therefore, each candidate 
intersection between HIV and phages activity requires in human confirmation and could result in either 
enhancement or counteract of HIV activity. From Trunfio M. et al, manuscript under preparation. 
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3. Interactions between HIV and other viruses 

Interactions between eukaryotic viruses and HIV have been reviewed elsewhere [34,35]. 

For example, robust evidence links the presence of some Herpesviridae, namely EBV and 

CMV, to larger HIV reservoir size and increased chronic inflammation [36,72]. Antigen-driven 

clonal selection and expansion of CD4+ T cell subsets harboring integrated HIV DNA 

represents one of the possible main mechanisms underlying this association [73]. 

Most interactions between HIV and viruses are mediated by the immune system: 

downregulation of MHC, induction and interference with cytokine signaling, expression of 

virus-encoded chemokine homologs and receptors, inhibition of apoptosis, and altered 

activation of the complement among the others [34,35]. Bacteriophages modulate all these 

mechanisms in vitro and in vivo, and can activate pathogen-associated molecular pattern 

molecules, such as Toll-like Receptor 9 (TLR9) and TLR3 [2,3,6]. Agonists for both these 

sensing receptors are under investigation in clinical trials for HIV cure since they showed 

moderate latency reversing effect and regulatory activity on HIV replication [74]. The 

divergence in responses to latency reversal agents between HIV reservoirs of different body 

compartments is multifactorial and not completely unraveled; whether a contribution to this 

difference is provided also by distinct inhabiting microbiomes should be considered in the 

light of the expanding possibilities in phage supplementation and therapy.  

Likewise, no investigation on the contribution of the entire virome upon the HIV reservoir in 

its establishment and maintenance as ever been pursued, despite non-human data suggest 

links. By shaping CD4+ and CD8+ T cell activation, gut microbiota can condition the 

infectivity outcome of HIV exposure in primary human lamina propria cells in vitro [75]. 

Similarly, different susceptibility to SIV infection following the same intrarectal exposure has 

been documented in rhesus macaques and was correlated with different pre-exposure 

profiles of activation of rectal mucosa CD4+ T cells and differences in gut microbiota [76]. 

Even if both the studies assessed only the bacteriome of the gut, behind this it can be 

differences in gut virome as its role in bacteriome homeostasis is pivotal. In human, innate 

immunity can mediate natural resistance against HIV, and the key role of TLR9 activation 

and of the downstream production of antiviral factors in individuals that remain seronegative 

after HIV exposure has been described [77]. Short- or long-term trans-activation of TLRs 

that follows changes in local virome could represent an intersection point with unknown 

effects on HIV infectivity, replication, and persistence.  

Collectively, these data support the biological plausibility of the conceptual model shown in 

Figure.2: when HIV is introduced in a new microbial niche, immediate outcomes (e.g., cell 
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infection, integration, inflammation) differ according to many variables, which include the 

immunological milieu shaped by the microbiome residing locally. Different ecosystems would 

result in different outcomes. As the infection progresses and ART is introduced, the 

characteristics of HIV reservoir and of chronic inflammation and immune activation could 

also be shaped by these same determinants (being therefore better defined as virome-

associated inflammation, rather than HIV-associated inflammation). 

Figure 2. The human virome of different body compartments can behave as distinct 

viral ecosystem with dynamic relationships within and between niches. 

 

Section (A) shows the dynamic cycle that can take place between any each new virus (e.g., HIV) entering the 

ecosystem constituted by the balanced crosstalk between host immune system, local and trafficking cells and 

the virome. The interactive cycle is a model for both primary and chronic HIV infection, and can be read either 

way: from the newly introduced HIV affecting the immune system, and thereby the composition and abundance 
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of the virome, to this last one affecting the immunological (e.g., presence and composition of T and B cell 

subsets and their activation, macrophages abundance and functioning, activation of TLRs and other PAMPs) 

and non-immunological milieu (e.g., expression of (co-)receptors and proteins, metabolic activity, activation of 

transcriptional pathways, integrity of anatomical barriers) that will shape the adaptation of HIV in the body 

compartment. Once a balance will be reached, every change (e.g., ART introduction, new infections, 

progression to AIDS) will shape the cycle of interactions between these three major players. Section (B) 

highlights the fact that, despite each body compartment represents a microbiological niche with its own 

features and rules (in composition and relationships), each niche relates to the others and can be affected by 

processes that start outside, such as the link between gut, blood and CNS microbiome mediated by intestinal 

and BBB integrity. Section (C) summarizes all the available data on the virome composition and its changes 

by HIV-related parameters in the different body compartments of PLWH. Legend: ART, antiretroviral therapy; 

CNS, central nervous system; CSF, cerebrospinal fluid; VL, HIV viral load; BAL, bronchoalveolar liquid; HERV, 

human endogenous retroviruses; TLRs, Toll-like Receptors; PAMPs, Pathogen-associated molecular pattern 

molecules; BBB, blood-brain barrier; PLWH, people living with HIV. From Trunfio M et al., manuscript under 

preparation. 

 

Tailored studies in cohorts of participants with primary HIV infection can investigate these 

hypotheses since the very beginning and to delve into the possibility of divergent evolutions 

of HIV virulence, persistence, and reactivation according to the local microbial landscape 

overtime. Finally, all these processes are molecular predictors of non-AIDS events. 

Therefore, the second step to validate our model would be the investigation of a possible 

role of different microbiome niches (in terms of abundance, composition, and changes 

overtime in CSF, blood, fecal etc. samples) in the development of clinical outcomes such as 

HAND, mood disorders, or cerebrovascular events. 

4. Viral co-evolution: a Carroll’s modern story 

An additional field of research where the interplay between HIV and body microbial 

ecosystems may gain consideration is the study of HIV populations genetic divergence and 

compartmentalization. 

Evolutionary theories from animal kingdoms have been previously translated to HIV infection 

to explain quasispecies selection, immunological escape, and development of ART 

resistance [78]. However, modern updates of the classical Neo-Darwinian model, such as 

the Red Queen theory (Figure 3), have been rarely considered [79], despite they may fit with 

recent discoveries from sequencing and co-evolutionary phenomena in the presence of co-

infecting viruses, and with the fact that HIV successfully fixes mutations that provide it with 

survival advantages [80]. 

The Red Queen hypothesis encompasses many evolutionary theories that champion biotic 

interactions, a seemingly paradoxical challenge if applied to abiotic organisms such viruses, 

and briefly states that in all ecosystem omnipresent competitive interactions exist among 

taxonomic groups; these are continually changing, but they do not get relatively better in a 

competitive sense overtime, such that there is a zero-sum expectation (meant as, 
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evolutionary adaptive mutations happen, but when weighted with those of the other 

components of the same ecosystem, the net benefit is null and each component has always 

the same risk of extinction of the others) [81].  

Subsequent modifications to the original theory have been made (Figure 3), and the work of 

Brockhurst et al. proposed different subtypes of interactions [82]:  the “Chase Red Queen” 

involves several interacting component populations of different species, each evolving in 

varying directions due to distinct selective pressures and supposes that across the range of 

co-evolving species, the respective populations respond in different ways to the biotic milieu 

they experience [81,82]. As some of these populations will seek to escape co-occurring 

populations through the evolution of novelty, diversity within populations becomes reduced 

but divergence between populations increases as they spread across a multidimensional 

phenotypic space (Figure 3) [81,82]. 
 

Figure 3. Evolution of paradigms of microbial diversity 
 

 

From Muraille E. Diversity Generator Mechanisms Are Essential Components of Biological Systems: The Two 
Queen Hypothesis. Front Microbiol. 2018 Feb 13;9:223. doi: 10.3389/fmicb.2018.00223 [83]. 

 

Many assumptions should be clarified before a direct translation of the above simplified 

presentation of this model into virus biology (e.g., how to consider quasispecies and strains, 

what is the reference to define evolutionary advantage), however we depicted in Fig.4 how 
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the “Chase Red Queen” model could resemble when applied to describe HIV-microbiome 

interactions. 

Figure 4. The “Chase-Red Queen” paradigm of diversity for HIV evolution: integration 

of the role of human virome and bacteriome 

The Red Queen theory introduces a second source of dynamic evolution, the diversity generation reactive to 
environmental stressors (e.g., immune mediate-selective pressure) to the classical Neo-Darwinian paradigm 
of diversity based on accidental diversity generation (e.g., the stochastic errors introduced by the reverse 
transcriptase activity or recombinational strand transfer events for HIV). While there is consolidated evidence 
for this model when environmental stressors are represented by HIV-specific immune responses and 
antiretroviral drugs, no study has to date investigated possible additional effects (e.g., through modulation of 
the immune system, or proteins/receptors interactions) on HIV genetic evolution, divergence, and selective 
pressure made by distinct microbial niches in different body compartments. Co-evolution and diversification of 
the other components of the ecosystem is also expected by the same bidirectional mechanisms that shape 
HIV diversity. From Trunfio M. et al, manuscript under preparation. 
 

The interest in straining such model stems from two major observations: 

1. Recent data in people with primary HIV infection shows that following single 

transmission/founder virus infection, as most cases, major and minor HIV variants 

sequenced in blood and CNS (and other body compartments when assessed) are 

identical [84,85], while the proportions of minor variants differ between compartments in 

multiple transmission/founder viruses infections [85], suggesting initial selection 

bottleneck only in case of pre-existent genetic variability available for such a competition. 

At the end of this journey, post-mortem data described an extremely high diversity not 

only between body compartments, but also within: e.g., inter-regional and intra-regional 

diversity and specific HIV subpopulations in different brain areas, and bidirectional 
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transition events of HIV clones between distinct cerebrum lobes [86,87]. Even after 

considering variability in ART penetration [88], and the obvious differences in resident 

and trafficking cells between distinct brain areas [86], the wide heterogeneity of HIV 

clones within the same tissue of a unique individual demands that further factors should 

be accounted to explain it.   

2. Data from individuals with hepatitis co-infection suggest that the compresence of either 

HCV or HBV and HIV can reciprocally affect selection pressure, type of genetic selection 

(diversifying vs purifying), and number of mutations per specific sites in the genome of 

the companion virus [89–93]. The differential genetic pressure and evolution in specific 

genes upon coinfection could be a strategy of adaptation to a different replicative 

environment, the result of direct interaction between HCV and HIV proteins-genes, or the 

result of different immunological landscapes between mono- and co-infections. While 

there is biologically plausible ground, more and larger studies should be designed to 

address all the relevant confounding factors (e.g., ART exposure and adherence, 

immune responses) before concluding for a direct or an immune-mediated interaction, 

or for both. 

Understanding how HIV populates tissues throughout the human body and the drivers and 

mechanisms of divergence and compartmentalization is crucial for the development of 

strategies to clear or otherwise lock down these distinct reservoirs. In this regard, 

establishing whether an evolutionary model can fit and then which one better describes the 

HIV-microbiome interplay in the body ecosystems would help with addressing relevant 

questions: does the variety in human viromes participate in the genetic fate and 

compartmentalization of HIV in each body compartment? Do the differences between 

human viromes contribute to initial bottleneck selection that determines which HIV variant 

will eventually become the major one in each tissue? Could the changes of virome overtime 

affect the long-term evolution of HIV in a body-compartment-specific base? 

 

5. Next-Generation sequencing, HIV, and other viral infections 

Over the past few years, advancements in next-generation sequencing (NGS) technologies 

and bioinformatics tools have revealed a great variation in the viral population found across 

the human body and have greatly improved the detection and characterization of viral 

sequences in biological samples coming from different compartments, also those previously 

considered to be sterile [4,94]. A summary of the evidence on human virome in different 
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body compartments of PLWH is shown in Figure 2 (panel C), even though most of the 

studies used different NGS approaches, significantly limiting their comparability.  

Current technologies for the study of virome rely on NGS techniques, and particularly on 

shotgun metagenomic, which is an untargeted sequencing of all the genomic material 

extracted from a sample [2,95,96]. This approach overcomes some of the main limitations 

of classic virus-detection methods, as it greatly enhances the chances to identify and 

characterize known microorganisms, but can also detect unexpected pathogens and 

unknown viruses, too divergent from those already isolated/characterized to be recognized 

by standard techniques [97,98].  

Although viral metagenomics has made it possible to understand the complexity and 

richness of human virome, including bacteriophages and other virus populations, some 

challenges remain in the detection of viral sequences in CSF samples, mainly due to the 

low abundance of viral nucleic acids in the CNS. 

One of the main obstacles of virome detection is the presence of host DNA and RNA, which 

represent a significant proportion of the nucleic acids recovered from the CNS (making up 

for about 99% of all material) [99]. This problem might be overcome by increasing the 

sequencing depth, which usually reflects in higher sequencing costs [100]. However, viral 

nucleic acids might also be enriched implementing measures acting pre or during 

sequencing. In the first case, the increase of the relative concentration of viral particles can 

be obtained by filtration and centrifugation steps, as well as by host DNA depletion [101–

103]. 

Moreover, viral enrichment might also be performed at the sequencing level, through the 

use of viral primers and probes that can retain specific viral reads, and discard all the 

remaining reads [104,105]. This approach might result up to 1000-fold increase in the 

number of viral reads [106], but the main limitation is that it leads to the enrichment of only 

the known virome, whereas it hampers the detection and discovery of new viral pathogens. 

All these approaches are helpful, because they allow to better discriminate viruses from the 

background noise, mostly consisting of host and bacterial DNA [103,107]. 

Even with the implementation of protocol adjustments, other challenges remain in the use 

of NGS for the study of virome. One of these is represented by the production of large 

amount of bioinformatic data, that requires high storage capacity, computing power and the 

acquisition of computer skills and bioinformatic expertise.  

Another challenge is posed by the unavailability of comprehensive viral databases. In fact, 

the most common approach in shotgun metagenomic analysis is represented by the 
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taxonomic classification of reads by alignment to reference databases [108,109]. 

Unfortunately, a large proportion of the sequencing data have no match in public viral 

databases, as they are still far from being complete or comparable to those of bacteria, 

limiting the accuracy of reference-based approaches [110]. A more accurate reconstruction 

of human virome will surely derive from the functional characterization of viruses through 

traditional techniques, which will progressively update and refine currently available 

databases [111–115]. 

Nonetheless, some alternative reference-free approaches are also used in metagenomics, 

including the assembly of complete or draft genomes in the so-called metagenome 

assembled genomes [116–118]. This approach allows the recovery of unknown viruses that 

are not present in reference databases but suffers from the presence of taxa with low 

coverage [119]. 

The choice of the sequencing technology for the shotgun metagenomic may also represents 

another challenging step. This is particularly true regarding read length, as short read, and 

long read approaches have different advantages and limitations. In fact, short reads 

technologies (e.g., Illumina) have usually lower sequencing costs and result in higher 

sequencing throughputs with lower error rates, but, due to the limited read length (usually 

not higher than 300 bp) are not able to resolve repeat regions and to discriminate DNA from 

related microorganisms. Another limitation also occurs in assembly methods, as they can 

result in discontinuous and chimeric assemblies, thus hampering genomic context analysis 

[120]. Long reads technologies (e.g., PacBio and Oxford Nanopore Technology), on the 

other hand, are more performing in assembling complex genomes, including difficult regions 

like repeats and large structural variations, allowing for genomic context analysis [120]. As 

downsides, even with the advent of new sequencing kits, the error rates are higher than 

those of short reads technologies, while in the case of PacBio also the sequencing 

throughput is also not comparable. 

The large variety of bioinformatic tools and approaches represents another critical step 

double-edged sword: on one hand, it gives rise to different ways of looking at data, with the 

extrapolation of increasingly amount of information; on the other hand, the lack of 

standardization, both in NGS techniques and bioinformatic analyses, might hamper the 

ability to efficiently compare results across different platforms and studies [121]. This is 

particularly true also when considering contamination, which is a common problem in NGS 

analyses [122,123]. Depending on how contaminations are considered and filtered out, 

different findings may arise. Even in CSF, contamination cannot be ruled out due to the 
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collection during lumbar puncture (from skin to CSF) and processing of samples. This 

problem can be addressed using multiple solid negative controls in every step of 

sequencing, and through the use of extensive and constantly updated databases containing 

all the background microorganisms, that are commonly detected in body compartments and 

arising from laboratory contamination [124]. 

 

6. Clinical relevance of the human virome in HIV infection 

Human virome is gaining momentum, but knowledge remains decades behind similar 

studies on human bacteriome. In light of the recent appreciation of the complexity of 

microbial consortia, for which new components are daily updated, the scientific community 

should consider causation in a broader ecosystems’ context where intra-host variability, 

health and diseases, external triggers, and microbial strains and communities are all 

important. Efforts have been invested to find etiopathology connections between bacteriome 

and human disease, and we now decelerate in recognizing that an upstream player could 

be relevant as well, being human virome the puppeteer of bacterial consortia through 

commensalism, parasitism, and predation. 

The extremely vast variety of virome composition and of its immune properties, and possible 

interactions with HIV, with the host and with the bacteriome, leaves open the possibility that 

not all these combinations would lead to additive unfavorable effects on health outcomes, 

as previously observed for few eukaryotic viruses [35]. 

The raising interest and advancements in phage therapy to treat cancer, multi-drug resistant 

bacterial infections, and chronic diseases (e.g., NAFLD) will soon expand our knowledge on 

a large proportion of species constituting human virome as well as the available options of 

specific phage cocktails, which administration in human already proved to be safe and well 

tolerated [125,126]. Similarly, initial attempts in engineering phages to treat 

neurodegenerative disorders have been performed [127,128], and clinical trials on grooming 

microbiome through phage therapy are also ongoing [126], with potential applications also 

in cognitive and mood disorders of PWH [129].  

Finally, there is a strong need for a standard and highly reproducible metagenomic 

procedure that can be easily upscaled for virome sequencing and analysis by the scientific 

community. The development of a shared protocol could allow to in-depth characterize viral 

composition in different clinical and anatomical settings, including challenging body 

compartments like CSF where the virome signatures remain elusive.  
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In this evolving landscape, confirming or discrediting new hypotheses and models that 

describe a role for human viromes in the development and in shaping the clinical phenotypes 

of mental health outcomes of PWH will inform on possible additional determinants of HIV 

pathology in distinct human body compartments. It will also inform on the clinical feasibility 

and utility of targeting human virome (and bacteriome) in HIV eradication/cure strategies, in 

boosting responses to latency reversal agents, or in shaping inflammation, immune 

activation, and microbial translocation. 

 

Study Rationale 

The advent of next generation sequencing (NGS) has unleashed a microbiological 

revolution, discovering an underworld of new microbes and candidate etiologies for 

disorders formerly lacking acknowledged triggers [94]. Body compartments previously 

considered sterile, such as the CSF, have been found to harbor a plethora of apparently 

harmless microbes and viruses [4]. Concomitantly, despite ART has significantly modified 

the prognosis of PWH, the burden of HIV-associated comorbidities (such as neurocognitive 

and mood disorders) remains relevant, and it has even increased [130]. This epidemiology 

is mostly due to immune-activation and inflammation that persist at elevated level despite 

viral suppression [61,131]. However, chronic inflammation is just the downstream 

epiphenomenon of several processes that remain poorly understood. In this regard, the role 

of co-infections in HIV-associated comorbidities has gained attention. In specific regard to 

the CNS, as example, Alzheimer-like neurodegeneration seems more common in PWH with 

HSV-1 compared to HSV-1-seronegative PWH [71], EBV co-infection can affect blood-brain 

barrier integrity, intrathecal inflammation, and the cognitive performance [64,132], and worse 

neurocognitive performance has been associated with higher humoral responses against 

CMV [63]. Considering the recent discovery of a human CSF virome [4], many other viruses 

within the brain, not routinely detected by clinical investigations, may modulate similar 

processes, and eventually contribute to divergent mental health outcomes in PWH. 

Based on the evidenced so far reviewed, we have hypothesized the following disease model 

for CNS inflammation, neurodegeneration, and mental health outcomes (cognitive 

performance and depression) in PWH: Figure 5. 
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Figure 5. Complimentary hypothesis models of the neuropathogenesis of HIV 

infection that recognize a role for the CSF virome. 

 

Within the framework of the “Adaptation” model that can be addressed with the data we had 

collected, we hypothesized that:  1) the CSF virome of PWH on suppressive ART is not 

sterile and its composition depends on a complex combinations of variables (e.g., BBB 

permeability); 2)  Different characteristics of CSF virome are associated with distinct levels 

of local immune activation and inflammation; 3) The prevalence of depression and cognitive 

impairment is affected also by the characteristics of the CSF virome (e.g., α diversity, type 

and abundance of prevalent spp). These hypotheses will be investigated through three 

common methods for taxonomy attribution, as no assumption was strong enough to select 

the best approach, and, mainly because of the lack of an international consensus in virome 

pipelines, we want to compare the variability in the findings when either contigs or reads are 

used. 
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Methods 

1. Study Design 

We performed a pilot cross-sectional study of CSF virome of 81 adult PWH with plasma HIV-

RNA <200 cp/mL on triple 2NRTI-based antiretroviral therapy. CSF samples from 

participants with HIV infection have been collected and stored between January 2010 and 

September 2019 at the Unit of Infectious Diseases, Amedeo di Savoia hospital, Torino (Italy), 

and retrospectively analyzed through metagenomic sequencing for virome detection with 

the following objectives: 

Primary objective: 

• To describe the presence and composition (observed species, α and β diversity) of the 

CSF virome of adult PWH on suppressive ART. 

Secondary objectives: 

• To evaluate demographic (e.g., age, sex), laboratory (e.g., CSF biomarkers of 

inflammation, immune activation, blood-brain barrier permeability, and intrathecal 

synthesis), and HIV-related characteristics (e.g., CD4+ T cell count, length of HIV 

infection) associated with the presence and composition of CSF virome.  

• To evaluate whether the presence and/or composition of CSF virome is associated with 

depressive mood and neurocognitive impairment in a subgroup of participants that 

underwent neurocognitive evaluation. 

Both the primary and secondary objectives were performed in replicates according to two 

distinct pipelines for NGS sequencing and library preparation. The two pipelines were 

chosen as they represent the two most common alternative NGS methods currently used in 

studies on human virome: 1) taxonomic assignment based on contigs 2) taxonomic 

assignment based on reads. 

Inclusion Criteria: WB-confirmed HIV infection, age ≥18 years, plasma HIV-RNA<200 cp/mL, 

being on standard triple NRTI-based therapy (2 NRTIs + a third drug among protease 

inhibitors, integrase strand-transfer inhibitors, or non-nucleoside reverse transcriptase 

inhibitors), availability of ≥1 mL of stored (-80°C) CSF collected through lumbar puncture 

(LP), and signed informed consent for the preservation and use of the CSF samples for 

future analyses at the time of LP. 

Exclusion Criteria: having major confounding for neurocognitive evaluation or CSF 

biomarkers levels prior or at the time of LP (e.g., CNS disorders or infections, untreated 



21 
 

psychiatric conditions, language barriers, cerebrovascular events, head trauma), 

substance/alcohol abuse in the year before LP, any contraindication to LP. 

The sampling frame of CSF samples retrospectively selected for the study was represented 

by all the CSF samples collected and stored between 2009 and 2020 at Unit of Infectious 

Diseases; the criteria of sample selection were based on the inclusion and exclusion criteria 

of the study, and on the following: CSF samples had to belong to subjects for whom the 

whole panel of CSF biomarkers for this study had been already tested, had to belong 

preferentially to subjects with neurocognitive evaluation, a preferential selection based on 

sex at birth to allow for a significant contribution of female subjects. 

A control group of 11 HIV-negative adult participants was also enrolled between March and 

June 2023. Controls were tested for HIV-1/2 infection through screening hospital serology, 

had to undergo spinal anesthesia for surgical indications, and had to have a negative 

medical history for immunological disorders (e.g., acquired, iatrogenic or genetic immune 

deficits, current cancer, immuno-rheumatological diseases), for CNS disorders (e.g., 

neurodegenerative disorders, CNS infections, psychiatric conditions) and for current 

infections. Controls were prospectively enrolled by the Unit of Emergency medicine, 

Reanimation and Anesthesia at the Maria Vittoria hospital, Torino (Italy), and they signed an 

informed consent for the NGS analysis of 1.5 mL of CSF collected during spinal anesthesia. 

The research was performed in accordance with the Declaration of Helsinki and has been 

approved by the Comitato Etico Interaziendale A.O.U. Città della Salute e della Scienza di 

Torino, A.O. Ordine Mauriziano di Torino, A.S.L. Città di Torino (protocol n.285/2022); all 

participants provided written informed consent. 

2. Clinical Assessment and CSF biomarkers 

Standardized assessments were performed to collect data on demographics, HIV disease 

characteristics, biomarkers, and medical diagnoses. At the time of LP, all participants 

underwent standardized physical examination. CSF samples were collected, processed 

immediately for CSF biomarkers, and from 1 to 2 mL were stored at -80°C within 1 hour of 

collection. At the time of LP, CSF was analyzed for: 

1. CSF biochemistry (CSF cells, glucose, and protein). 

2. CSF total tau (tau), 181-phosphorylated tau (ptau), and β-amyloid 1–42 fragments 

(Aβ42) by immunoassay (Innogenetics, Ghent, Belgium, EU); values were considered 

abnormal based on manufacturer’s thresholds suggested for the general population: 

when: tau > 300 pg/mL (age ≤50 years), >450 pg/mL (age 51–70 years), or >500 pg/mL 

(age > 70 years); ptau > 61 pg/mL; Aβ42 < 500 pg/mL. 
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3. CSF Neopterin and S100β by commercial immunoassays (DRG Diagnostics, Marnurg, 

Germany, and DIAMETRA Srl, Spello, Italy, respectively); values were considered 

abnormal based on manufacturer’s thresholds suggested for the general population: 

neopterin > 1.5 ng/mL; S100β > 380 pg/mL. 

4. Blood-brain barrier integrity through CSF to serum albumin ratio (CSAR, CSF albumin 

mg/L/serum albumin mg/L); normal if <6.5 in subjects aged <40 years and <8 in older 

subjects. 

5. Intrathecal synthesis by Tourtelotte, Tibbling, and IgG index according to age-adjusted 

Reibergrams [133]. 

HIV RNA was quantified in plasma and CSF by reverse-transcription polymerase chain 

reaction (Roche Amplicor, lower limit of quantitation 20 copies/mL). PCR for EBV DNA, CMV 

DNA, and JCV DNA were performed in CSF through in-house standardized PCR. 

 

3. Mood and Cognitive assessment 

A subgroup of PWH (n=64) underwent a comprehensive battery of neurocognitive tests 

within 6 months from the LP. Raw cognitive scores were converted to demographically 

corrected standard scores (T scores) by referencing to normative standards which correct 

for effects of age, education, sex, and ethnicity. Seven cognitive abilities were assessed by 

13 specific tests (see Table 1): verbal/language, attention/working memory, executive 

functions, memory (learning and recall), speed of information processing, visuospatial 

sensory and perception, and motor functions. Participants were classified as per HIV-

associated Neurocognitive Disorders (HAND) categories according to Frascati’s criteria 

[134] and by binary categorization of presence/absence of cognitive impairment. The Lawton 

Instrumental Activities of Daily Living scale (IADL) [135] was used to assess the impact of 

neurocognitive impairment on daily life and differentiate between symptomatic and 

asymptomatic impairment, as recommended [134]. 
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Table 1. Cognitive domains and neurocognitive tests. 
 

Cognitive domain Tests 

Attention/Working memory Trail Making Test Part B 
Stroop Color Interference and Error Test 

Speed and mental Processing Digit Symbol test 
Trail Making Test Part A 

Short- and long-term memory Delayed recall of the Rey-Osterrieth complex 
figure 

Disyllabic words serial repetition test 
Corsi block-tapping test 

Prose memory story 
Digit span forward test 

Verbal Fluency/Language Semantic and phonemic verbal fluency 
Executive functions Frontal Assessment battery 

Motor Functions Groove Pegboard test for the dominant and non-
dominant hand 

Visuospatial Sensory and Perception Copy of the Rey-Osterrieth complex figure 
 
 

Depressive mood was assessed in a subgroup of PWH (n=71) through the Beck Depression 

Inventory II (BDI-II) [136,137]. This 21-item self-administered scale measures the existence 

and severity of symptoms of depression. Each item corresponding to a symptom of 

depression is scored on a scale of 0-3 in a list of four statements arranged in increasing 

severity, and eventually each score is summed to give a single score for the BDI-II. Cut-off 

score guidelines for the BDI-II have been validated for the general population, commonly 

applied by studies on PWH [138,139], and given [136,137]: a total score of 0–13 is 

considered minimal range depressive mood, 14–19 is mild, 20–28 is moderate, and 29–63 

is severe. 

4. Metagenomic analyses 

4.1 Sample preparation and nucleic acid extraction 

Prokaryotic and eukaryotic viruses in CSF were firstly enriched by isolation and purification 

of virus-like particles (VLPs). This purification was performed through a filtration process that 

takes advantage of the smaller dimension of viruses with respect to eukaryotic and 

prokaryotic cells. CSF samples were initially filtered with 0.45 µm polyethersulfone filters 

(Merck millipore) to retain most of the bacteria and cellular contaminants and then with 0.22 

µm polyethersulfone filters (Merck millipore) capable of enriching viruses. 

The resulting filtrate (approximately 200-400 µl of sample) was used for nucleic acid 

extraction using the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany), according 
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to the manufacturer's instructions. Both the concentration and the quality of the extracted 

nucleic acids were measured by the Nanodrop. Three blank samples were processed in 

parallel with CSF samples to document the contamination background. 
 

4.2 Amplification and sequencing 

100 ng input of purified nucleic acids was used for virome amplification and sequencing 

following a modification of the QIAseq® Single Cell RNA Library Kits with Unique Dual 

Indexes protocol. 

Briefly, a first reverse transcription, amplification and cDNA production were performed from 

total viral nucleic acids (RNA plus DNA) to obtain a pool of cDNA. The cDNA obtained from 

the previous step was first subjected to enzymatic fragmentation and then used for libraries 

preparation by using the QIAseq Single Cell RNA Amplified cDNA. The produced libraries 

were purified with QIAseq Beads and validated using the High Sensitivity D1000 

ScreenTape system on a Bioanalyzer (Agilent Technologies) and quantified using a High 

Sensitivity Double Stranded DNA kit on a Qubit Fluorometer (Thermo Fisher Scientific). 

Normalized indexed DNA libraries were then loaded onto an Illumina High Output Flow cell 

cartridge v.2.5, and sequenced using the NextSeq 550 instrument (Illumina, San Diego, CA, 

USA) with 2×150-bp paired-end reads. 

Three different runs containing 27 CSF samples from HIV-1 positive individuals each were 

performed. A fourth run containing the 11 CSF samples from HIV- negative individuals and 

the eight sample repetitions was performed. In each run, the blank samples processed in 

parallel were included. 
 

4.3 Virome characterization 

Demultiplexed raw reads were trimmed for adapter and quality (Phred score > 28) and 

deduplicated using Fastp (v0.23.2) [140]. The final read quality was assessed by FastQC 

(v0.11.9) and MultiQC (v1.12) [141,142]. All reads mapping to the human (GRCh38) were 

removed from all samples using bbsplit (BBTools, https://sourceforge.net/projects/bbmap/). 

The remaining clean reads were transformed back to paired end reads using reformat 

(BBTools). Taxonomy was assigned using Kraken 2 (v2.1.2) [109] and visualized by Krona 

(v2.8.1) [143], while Bracken (v2.7) [144] was used to estimate family abundance. 

Taxonomy assignment by reads: only reads classified as viral (taxonID 10239) were 

retrieved, using the ‘extract_kraken_reads.py’ script of the KrakenTools suite (v1.2, 

https://github.com/jenniferlu717/KrakenTools). The final taxonomy assignment was obtained 

by: 1) supporting each viral taxon with at least two unique reads, independently from Kraken 

https://sourceforge.net/projects/bbmap/


25 
 

confidence score; 2) supporting each viral taxon with at least two unique reads with a Kraken 

confidence score >0.50, as previously suggested [145,146]. Species observed from the 

blanks were removed from all samples. 

Taxonomy assignment by contigs: Only reads classified as viral (taxonID 10239) were 

retrieved, using the ‘extract_kraken_reads.py’ script of KrakenTools suite (v1.2, 

https://github.com/jenniferlu717/KrakenTools), and de-novo assembled using metaSPAdes 

(v3.14.1) [147] in paired-read mode with default settings. The obtained contigs were filtered 

for length ≥300bp using reformat from bbtools and then queried against a nucleotide viral 

sequences collection retrieved from the National Center for Biotechnology Information 

(NCBI) Reference Sequence Database (RefSeq, 8416 sequences, downloaded on 

26/09/2022) using Nucleotide BLAST (blastn) with an e-value of at least 1x10-10 and a 

percentage identity of at least 70%. Only contigs matching viral species were considered. 

Species observed from the BLAST search of the contigs assembled from the blanks (without 

length filtering) were removed from all samples. 

Eukaryotic and non-eukaryotic viral species and their genome coverage were visualized 

through a heatmap constructed using the ggplot2 (v3.3.6) and pheatmap (v1.0.12) R 

packages [148]. 

The filtered Bracken report output files were used to generate a BIOM-format table using 

the kraken-biom python package (v1.0.1, https://github.com/smdabdoub/kraken-biom), with 

option –fmt json. The biom-format package (v2.1.12) [149] was then used to add sample 

metadata to the BIOM table, which was then loaded into R studio. The alpha (Observed, 

Shannon and Simpson) and beta (Bray-Curtis) diversities of the viral species, together with 

PcoA analysis were performed using the phyloseq (v1.40.0, on Bioconductor) [150] and 

Vegan (v2.6.2) R packages, while plots were generated using ggplot2 (v3.3.6) R package 

[148]. 

5. Statistical Analyses 

Data are presented as median (interquartile range, IQR), mean (standard deviation, SD), 

and absolute number (proportion, %) according to type and distribution of the variables. 

Plasma and CSF HIV RNA and other non-normally distributed variables were log10-

transformed to reduce skewness. 

Virome composition was described through α diversity (the within-specimen diversity): 

number of observed species, Shannon, and Simpson index. The last two indexes are used 

to measure different but complimentary features of α diversity. Shannon emphasizes the 

richness component of diversity, which refers to the number of different taxon types present 

https://github.com/jenniferlu717/KrakenTools
https://github.com/smdabdoub/kraken-biom
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in the samples; the greater the number of taxon types (at every taxonomic level, e.g., genus, 

class, or phylum), the more diverse the biological sample in terms of richness. On the other 

hand, Simpson emphasizes the evenness component of α diversity, which refers to the 

relative percentage of taxa distributed amongst the different taxon types. The more equitable 

this distribution, the more diverse the sample in terms of evenness. 

The difference (distance) in the diversity of taxa between two or more samples in a whole 

pool of samples that define the “ecosystem” is β diversity (the between-specimen diversity). 

Differences in β diversity (as Bray-Curtis’ dissimilarity - based on occurrence and abundance 

of taxa -, and as Jaccard distance - based on presence/absence of taxa -) were investigated 

with Permutation Based Analysis of Variance (PERMANOVA) with Adonis function and 

Principal Coordinate Analysis (PCoA) using the phyloseq and Vegan R packages for β 

diversity. 

To define potential differences in CSF virome composition and in virome presence/absence 

against selected parameters, Kruskal Wallis H test, Mann-Whitney U test, or Chi squared 

test were used as appropriate. 

Based on the distinct results from the two methods of taxonomic assignment (e.g., in number 

of positive samples and of identified species) specific analyses were also performed. For 

assignment based on contigs, binary logistic regressions were performed. For assignment 

based on reads, Pearson’s correlations, linear regressions (with unadjusted and adjusted 

beta coefficients, β), and unsupervised two-step cluster analysis were used. The clustering 

approach was pursued to remove any potential bias introduced by the clinical cut-offs 

required for the other analyses and was based on a quantitative composition of different 

macro-categories of viruses (relative abundance of reads of prokaryotic, non-human 

eukaryotic and human eukaryotic viruses), as determinant of clustering; a fourth cluster was 

represented by participants with no detectable CSF virome; the continuous variables were 

normalized by square root transformation due to their positive skewed non-normal 

distribution and standardized for the log-likelihood distance measure approach of clustering. 

The fit statistics was based on Schwartz Bayesian criteria. 

Logistic and linear regressions were used exploratorily for associations between either 

presence or composition of CSF virome and the variables of interest; multivariable models 

were built including univariable significant variables and covariates with presumed biological 

relevance regardless of univariable significance. In case of perfect distribution or 

nonconcave convergence after data transformation, Firth penalized methods was applied to 

force an exact computation of the estimated effect (odds ratio, OR). Multicollinearity was 
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assessed for each model but it did not require to be addressed as the variance inflation 

factor (VIF) for each included variables was always <5 (threshold for problematic collinearity 

[151]). 

Analyses were performed and plots were generated using the ggplot2 R package in R Studio 

and through SPSS Statistics v.28 (IBM Corp., NY, USA). 
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Results 

1. Study Population 

We enrolled 81 participants with HIV infection (PWH). As shown in Tab.1, PWH were mostly 

white (93.8%) male (71.6%) of middle age. The distribution of HIV acquisition routes was 

evenly distributed (about one third each) as male who have sex with other males (MSM), 

heterosexual, and past intravenous drug users (pIDU). 

The 17.3% and the 25.9% of PWH had detectable HIV RNA in blood and in CSF despite 

being all on ART, and the range of viral load among PWH with detectable viremia was 23-

125 in blood and 20-133 cp/mL in CSF. Current immunological status was good (median 

CD4+ T cell count and CD4/CD8 ratio of 460 cells/µL and 0.7, respectively), and 63.0% was 

diagnosed with AIDS in the past. 

Table 1. Demographic and clinical characteristics of the study population. 

PWH (n=81) 

Age, years 49.8 (±11.3) 

Male sex, n 58 (71.6%) 

White race, n 76 (93.8%) 

Risk factor, n 
MSM 

Heterosexual 
pIDU 

 
27 (33.3%) 
24 (29.6%) 
30 (37.0%) 

Plasma HIV RNA<20 cp/mL, n 
Plasma HIV RNA, cp/mL° 

67 (82.7%) 
45 (32-62) 

CSF HIV RNA <20 cp/mL, n 
CSF HIV RNA, cp/mL° 

60 (74.1%) 
48 (29-62) 

CSF viral escape, n 
CSF HIV RNA, cp/mL* 

14 (17.3%) 
48 (27-57) 

Current CD4+ T cell count, cells/µL 460 (323-681) 

Current CD4+ T cell count, % 29 (20-35) 

Current CD4+/CD8+ ratio 0.7 (0.5-1.1) 

CD4+ T cell count nadir, cells/µL 168 (50-275) 

Past AIDS episodes, n 51 (63.0%) 

Est. duration of HIV infection, years 12 (3-19) 

ART regimen, n 
PI-based 

NNRTI-based 
INSTI-based 

 
32 (39.5%) 
21 (25.9%) 
28 (34.6%) 

°Among participants with plasma/CSF HIV RNA >lower limit of quantification of 20 copies/mL; *Among participants with 
CSF viral escape. Legend: PWH, people with HIV; MSM, males who have sex with other males; pIDU, past intravenous 
drug users; CSF, cerebrospinal fluid; ART, antiretroviral therapy; PI, protease inhibitors; NNRTI, non-nucleoside reverse 
transcriptase inhibitors; INSTI, integrase strand-transfer inhibitors. 

 

The 11 participants without HIV infection (controls without HIV, CWH) were also mainly white 

(100%) male (90.9%) of middle age, and mildly older compared to PWH (57 vs 50 years, 

p=0.083), as shown in Tab.2. 
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CWH underwent spinal anesthesia for orthopedic surgery (3 for femur fractures or 

coxarthrosis and 2 for meniscus injury), urology surgery (1 transurethral resection of the 

prostate and 1 varicocelectomy), or abdominal surgery (2 hernioplasty, 1 intervention on 

hemorrhoids, and 1 polyps’ removal). Among the comorbidities of potential interest, one 

CWH had psoriatic arthritis and obesity, one had Hodgkin lymphoma in the past and 

currently diabetes mellitus, and one had monoclonal gammopathy of uncertain significance. 
 

Table 2. Demographic and clinical characteristics of controls without HIV. 

HIV-negative controls (n=11) 

Age, years 57.0 (±18.6) 

Male sex, n 10 (90.9%) 

White race, n 11 (100%) 

Reason for spinal anesthesia, n 
Orthopedic surgery 

Urology surgery 
Abdominal surgery 

 
5 (45.4%) 
2 (18.2%) 
4 (36.4%) 

Relevant comorbidities, n 
Diabetes mellitus 

Obesity 
Gastrointestinal disorders 

Past cancer 
Past Tonsillectomy/Adenoidectomy 

Past Appendectomy/Cholecystectomy 

 
1 (9.1%) 
1 (9.1%) 
1 (9.1%) 
1 (9.1%) 
2 (18.2%) 
2 (18.2%) 

 

CSF biomarkers of inflammation, immune activation, intrathecal synthesis, tauopathy, β 

amyloid, and BBB permeability in PWH and CWH are shown in Tab.3. All participants had 

<5 cells/mL in their CSF, except for two PWH that showed 7 and 40 cells/mL (without other 

signs or biomarkers indicating CNS or peripheral infections). The prevalence of BBB 

impairment was similar between PWH and CWH, possibly due to the older age of CWH and 

the good viro-immunological status of PWH; instead, intrathecal synthesis was observed 

only in PWH (25.9% vs 0%, p=0.063).  

Overall, abnormal values of CSF biomarkers were uncommon in PWH (each altered in <10% 

of the study population), except for neopterin (marker of monocyte-macrophages activation) 

that was increased in 15% PWH. 

By standard PCR assays, traces of EBV (42, <100, <100, and 164 EBV DNA cp/mL) and 

JCV (16 and <100 JCV DNA cp/mL) were detected in four and two CSF samples from PWH, 

respectively. None of the samples tested resulted positive for CMV DNA (Tab.3). 
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Table 3. CSF characteristics and biomarkers in PWH and in CWH. 

 PWH (n=81) CWH (n=11) p 

CSF leukocytes, cells/mL 0 (0-0) 0 (0-0) NS 

CSF protein, mg/dL 46 (34-53) 51 (35-55) NS 

CSF glucose, mg/dL 59 (55-64) 61 (58-63) NS 

BBB impairment, n 
CSAR 

18 (22.2%) 
5.5 (4.0-7.2) 

2 (18.2%) 
6.6 (4.6-7.7) 

NS 
NS 

Intrathecal synthesis, n 
Tourtelotte 

Tibbling 
IgG index  

21 (25.9%) 
0.33 (0-6.9) 
0.6 (0.4-0.8) 

0.34 (0.24-0.48) 

0 (0%) 
- 
- 

0.36 (0.26-0.39) 

0.0631 
- 
- 

NS 

CSF total tau, pg/mL 
Increased, n  

135 (47-213) 
6 (7.4%) 

- - 

CSF 181-ptau, pg/mL 
Increased, n  

36 (30-47) 
7 (8.6%) 

- - 

CSF βA42, pg/mL 
Consumed, n  

897 (679-1081) 
5 (6.2%) 

- - 

CSF neopterin, ng/mL 
Increased, n  

0.58 (0.34-1.10) 
12 (14.8%) 

- - 

CSF S100β, pg/mL 
Increased, n  

127 (85-186) 
4 (4.9%) 

- - 

Detectable CSF EBV DNA, n 4/73 (5.5%)° - - 

Detectable CMV DNA, n 0/73 (0%) - - 

Detectable JCV DNA, n 2/57 (3.5%)* - - 
°EBV DNA range 42-164 cp/mL; JCV DNA range 16-99 cp/mL; Legend: PWH, participants with HIV; CWH, controls 
without HIV; CSF, cerebrospinal fluid; NS, non-significant at α level >0.1; BBB, blood-brain barrier; CSAR, CSF-to-serum 
albumin ratio; EBV, Epstein Barr virus; CMV, Cytomegalovirus; JCV, John Cunningham virus. 

 

Sixty-four PWH (79.0%) underwent neurocognitive evaluation, and 71 (87.6%) were 

evaluated for depressive mood (see Tab.4). Prevalence of any degree of cognitive 

impairment was high (60.9%), due to inherent selection bias linked with the sampling frame 

of the study (participants enrolled in studies on HIV infection of the CNS). In line with the 

modern phenotype of HIV-associated neurocognitive disorders, most of the participants with 

impairment were diagnosed with asymptomatic neurocognitive impairment (ANI; 48.4%). 

Depressive mood was also common (32.4%), mostly mild, and in line with prevalence data 

reported for other modern populations living with HIV [152]. 
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Table 4. Cognition and depressive mood in PWH. 

 

2. CSF Virome composition 

Sequencing returned a total of 1953.05 million reads of mean length of 149 nucleotides and 

a median of 15.69 (IQR: 10.77-24.24) millions reads per subject. After quality filtering and 

removal of human-host reads, a total of 173.71 million non-human reads for 1.15 (0.56-2.11) 

million per subject were retained. After the blank reads’ removal, a total of 16,395 viral reads 

for 38 (10-102) reads per subject were retained. When the confidence score >0.50 was 

applied, the number of total reads decreased to 14,083 for 6 (0-36) reads per subject, while 

after contigs reconstruction, the number of total reads was 3,574 for 35 (23-97) reads per 

participant (Figure 1). 
 

2.1 Contigs-based method: taxonomic composition of CSF virome 

When only viral reads combined in contigs ≥300 nucleotides (nt) were considered, results 

could not be retrieved for 78 samples, because all sequences detected were removed as 

background/contaminant species following filtering (Figure 1 and Table 5). Thus, a total of 

14 samples (belonging to 11 PWH and 3 CWH) characterized by a median (IQR) number of 

35 (23-97) reads were included in the analysis. To confirm these results, 8 samples were 

processed twice. No virome was detected in all pairs of repeated samples, except for one 

sample (470), where a CrAssphage could be identified only in the first experiment (Figure 

2, Panel C). 

 

 

 

PWH (n=64) 

Education, years 8 (8-13) 

Neurocognitive impairment, n 39 (60.9%) 

Frascati categories, n 
No impairment 

ANI 
MND 
HAD 

 
25 (39.1%) 
31 (48.4%) 
6 (9.4%) 
2 (3.1%) 

PWH (n=71) 

BDI-II score 10 (3-17) 

Depression category, n 
None-minimal (<14) 

Mild (14-19) 
Moderate (20-28) 

Severe (≥29) 

 
48 (67.6%) 
13 (18.3%) 
5 (7.0%) 
5 (7.0%) 

Legend: PWH, people with HIV; ANI, asymptomatic neurocognitive impairment; MND, mild neurocognitive disorders; 
HAD, HIV-associated dementia; BDI-II, Beck depression Inventory II. 
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Figure 1. Number of viral reads before and after reconstructions. 

 
A) Number of reads assigned to viral species independently by confidence score, read count, and abundance. 

B) Number of reads assigned to viral species by a confidence score >0.50, independently by read count and 

abundance. C) Number of reads assigned to viral species after contigs assembly. Blank samples are in red. 

 

Figure 2. Reads number in the 8 CSF samples processed twice. 

 

A) Number of reads assigned to viral species independently by confidence score in repeated samples. B) 

Number of reads assigned to viral species by a confidence score >0.50 in repeated samples. C) Number of 

reads assigned to viral species after contigs assembly in repeated samples.  
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Table 5. Contaminant viral species detected in the blank samples and removed from 

the study samples. 

Blank Virus Family N of 
reads 

N of 
contigs 

Conting bp 
length 

BLAST Blast 
Identity (%) 

1 Coronaviridae 26 3 68 (55-94) Severe acute respiratory 
syndrome coronavirus 

100 (100-100) 

Myoviridae 121 17 158 (115-221) Synechococcus phage 85.56 

Podoviridae 59 2 99, 63 Caudoviricetes sp. 92.9 (88.9-94.9) 

Retroviridae 41 9 209 (223-223) Equine infectious anemia 
virus* 

100 (100-100) 

Siphoviridae 11 4 228 (210-243) Propionibacterium phage 
Cutibacterium phage 

81-99 

2 Autographiviridae 56 4 204 (161-243) Ralstonia phage 71.4 (70.8-72.6) 

Genomoviridae 29 2 190, 159 Genomoviridae sp. 83.9 (80.9-84.7) 

Microviridae 10 3 216 (177-239) Microviridae sp. 
Gokushovirinae 

80.9 (79.2-86.6) 

Myoviridae 1145 22 172 (144-205) Aeromonas phage 97.2 (97.1-97.2) 

Siphoviridae 119 36 163 (113-178) Gordonia phage 83.2 (81.8-88.6) 

3 Retroviridae 748 61 90 (68-109) Equine infectious anemia 
virus* 

100 (100-100) 

4 Myoviridae 8600 9 145 (134-158) Bacillus phage 84.4-85.3 

Retroviridae 53 5 176 (90-223) Equine infectious anemia 
virus* 

100 (100-100) 

Siphoviridae 529 5 171 (155-173) Lactococcus phage 93.6 (88.1-96.8) 

5 Circoviridae 2663 3 127 (119-1919) Cyclovirus 79.7 (74.0-82.8) 

Myoviridae 21140 4 151 (149-175) Vibrio phage 90.5 

Retroviridae 428 46 104 (71-120) Equine infectious anemia 
virus* 

100 (100-100) 

6 Myoviridae 7699 8 181 (145-194) Bacillus phage 94.3 (93.4-94.8) 

Retroviridae 1131 52 103 (72-126) Equine infectious anemia 
virus* 

100 (100-100) 

Siphoviridae 319 8 1363 (135-188) Lactococcus phage 90.8 (90.4-91.7) 

7 Herelleviridae 72 2 296, 279 Bacillus phage 80.5 (78.4-86.0) 

Myoviridae 10808 9 135 (132-153) Vibrio phage 90.2 

Podoviridae 22 4 162 (150-217) Caudoviricetes sp 73.7 (71.6-75.0) 

Retroviridae 152 12 96 (68-124) Equine infectious anemia 
virus* 

100 (100-100) 

Siphoviridae 230 15 185 (158-243) Propionibacterium phage 
Cutibacterium phage 

71-89 

8 Myoviridae 4809 8 140 (136-163) Vibrio phage 91.3 

Podoviridae 164 5 164 (110-172) Podoviridae sp 82.1 

Retroviridae 370 43 98 (66-117) Equine infectious anemia 
virus* 

100 (100-100) 

Siphoviridae 107 8 1232 (80-224) Propionibacterium phage 
Cutibacterium phage 

91-99 

*Equine infectious anemia virus is contained in the reagents used to prepare genome libraries, and it was detected in 7 
out of 8 blanks. Legend: N, number; bp, base pairs. 

 

We identified 8 unique human eukaryotic viruses, 2 plant eukaryotic viruses, and 6 unique 

bacteriophages/prophages that constituted the virome community in 3/11 (27.2%) CWH and 

11/81 (13.6%) PWH (Figure 3). Among the 8 human eukaryotic viruses detected, the dsDNA 

Herpesviridae family was represented by EBV and HHV6, present in one participant each, 

with 1,467 and 376 reads respectively (genome coverage of 2.64% and 8.85%, 
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respectively). We also found evidence of Torque-Teno-virus and HPV, in one and two 

participants, with 44, 23, and 26 reads, respectively (genome coverage of 11.83%, 5.68% 

and 8.62%, respectively). Of note, these last two DNA viruses have been already identified 

in metagenomic analyses of CSF samples belonging to patients with suspected CSF 

infection or neurological disorders [153–156], albeit not being included in routine diagnostics 

of CSF samples. The only eukaryotic RNA virus identified was HCV, found in one sample 

with 98 reads and a genome coverage of 8.03% (the participant was also HCV-positive 

according to routine serology). The presence of HCV in CSF was already described because 

of the virus carriage in this compartment by HCV-infected leukocytes [157]. The Poxviridae 

Molluscum contagious virus, the Human Mastadenovirus C and the Gemycircularvirus HV-

GcV2 - three eukaryotic DNA viruses already described in human samples including CSF 

[158–160] - were also detected in the CSF of 3 CWH (reads number: 27, 23 and 64; genome 

coverage of 33.7%, 1.78%, and 0.16%). 
 

Figure 3. Heatmap of the CSF virome profile in PWH and CWH. 

 

Each row represents a sample, and each column represents the percentage of the virus genome recovered. 
The samples are grouped into HIV negative and HIV positive samples. HIV positive samples were further split 
into detectable and undetectable HIV RNA in CSF. 
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Bacteriophage/prophage genomes were also recovered from 6 samples, all HIV-positive 

and with detectable HIV in CSF except for one HIV-negative sample, albeit with lower 

genome coverage. 

Taxonomic classification failed to identify HIV-1 (in all the 21 CSF samples with detectable 

HIV RNA), EBV (in 3 out of 4 PCR-positive samples) and JCV reads (in both the 2 PCR-

positive samples). This could be explained by the fact that most samples did not have 

evidence of their genome in CSF, while the remaining had only traces of HIV, EBV or JCV 

viral load (always below the 150 copies/mL). Noteworthy, previous studies investigated the 

limit of detection of HIV-1 RNA in CSF through metagenomics and found it to be ~102 

copies/mL [95,161,162]. 

 

2.1.1 Diversity against HIV status and other characteristics 

To determine potential differences in virome composition between PWH and CWH, α and β-

diversity were examined. In the α diversity analysis, despite the CSF viral communities of 

PWH did not statistically differ from CWH, the comparison of values between the two groups, 

very limited in size (11 vs 3), reported lower α diversity in CSF samples from PWH when 

measured either by the Shannon diversity index (0.00 [0.00-0.21] vs 0.00 [0.00-0.92], 

p=0.928), Simpson index (0.00 [0.00-0.10] vs 0.00 [0.00-0.48], p=0.928), and Observed 

species (1[1-2] vs 1 [1-4], p=0.928; Figure 4). 
 

Figure 4. Observed, Shannon and Simpson α diversity indexes of the viral 

communities against HIV status. 

 

Differences in alpha diversity were investigated with Mann-Withney (11 PWH vs 3 CWH) for all the three 
indexes. 
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To characterize β diversity, we calculated Bray-Curtis and Jaccard distances and visualized 

the output using principal coordinate analysis (PCoA; Figure 5). Here, a considerable 

overlap between specimens from PWH and CWH was observed, without a clear definition 

of clusters. This overlap in community composition was confirmed statistically via Adonis 

(p=0.1.00). No differences in β diversity were detected against demographic, clinical, and 

HIV-related parameters. 
 

Figure 5. Representation of β diversity in CSF samples by HIV status. 

Representation of beta-diversity based on Bay Curtis and Jaccard distances. Each dot represents a sample. 

Differences in beta diversity (Bray-Curtis and Jaccard distances) were investigated with Permutation Based 

Analysis of Variance (PERMANOVA) with Adonis function. 

 

2.1.2 Presence of detectable CSF virome 

We investigated whether demographic, clinical, and HIV-related characteristics differ 

between participants with versus without detectable CSF virome according to the contigs-

based results. No characteristic was associated with the presence of CSF virome except for 

sex at birth. Specifically, detectability of CSF virome was more frequent in female 

participants compared to males: in the whole study population (n=92), 25.0% of female 

participants had detectable CSF virome versus 11.8% of male participants (p=0.121); among 
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PWH (n=81), 26.1% of female participants had detectable CSF virome versus 8.6% of male 

participants (p=0.039). 

Figure 6. Prevalence of detectable CSF virome by Sex at birth. 

 
 

After adjusting for age, ethnicity, HIV status, and CSAR, female sex at birth remained 

significantly associated with higher likelihood of detectable CSF virome in the whole study 

population (aOR 3.9 [1.2-14.8], p=0.038) and in PWH only (aOR 4.9 [1.2-19.4], p=0.025). 

Further adjustments for HIV acquisition route and CD4+ T cell count in PWH did not affect 

the association (aOR 6.6 [1.4-30.6] for female versus male sex, p=0.017). 

 

2.2 Reads-based method: taxonomic composition of CSF virome 

When the taxonomy assignment was obtained by supporting each viral taxon with at least 

two unique reads, independent of Kraken confidence score, virome was detected in 78 

(96.3%) PWH and 11 (100%) CWH. Bacteriophages accounted for the 71% of total viral 

reads and were detected in 87 subjects (median, IQR number of reads: 27 [9-69]), and 

Siphoviridae constituted the most abundant phage community (number of reads per sample 

13 [5-29]; Figure 7). In addition to a significant presence of bacteriophages, we identified 

several sequences for eukaryotic human DNA and RNA viruses, and eukaryotic invertebrate, 

animal, and plant viruses, which accounted for the 17% and 12%, respectively, of the total 

viral reads and were detected in 44 (number of reads 11 [6-38]) and 47 subjects (number of 

reads 10 [4-18]), respectively (Figure 7). 
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Figure 7. CSF virome composition among positive samples (n=89) using the 

taxonomy assignment by reads without cut-offs. 

 

Two unique reads per taxon were considered without cut-offs. The upper pie reports the relative abundance in 

number of viral reads among the CSF samples positive for at least one viral read (n=89; of which 78 PWH and 

11 CWH): 66.4% of all the reads were attributable to Myoviridae and Siphoviridae (bacteriophages). The lower 

pie chart shows the proportion of samples positive for each identified viral taxon (family level): 20.8% were 

positive for Siphoviridae, followed by 13.3% for Myoviridae and 6.5% for Podoviridae (all the three 

bacteriophages). 
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Figure 8. CSF virome composition among positive samples (n=47) using the 

taxonomy assignment by reads with the Kraken cut-off. 

 

Two unique reads per taxon were considered with a Kraken confidence score >0.50. The upper pie chart shows 

the proportion of samples positive for each identified viral taxon (family level): bacteriophages were the most 

represented (e.g., Syphoviridae and Myoviridae in 18.4% and 13.8% of positive samples), followed by 

Genomoviridae (human eukaryotic 10.3%) and Virgaviridae (6.9%). The lower pie chart shows the relative 

abundance in number of viral reads among the positive samples: Myoviridae, Siphoviridae, and podoviridae 

were once again the most detected (70.2% of all the reads covered by the three bacteriophages families), 

followed by Herpesviridae (13.3%). 



40 
 

When the taxonomy assignment was obtained by supporting each viral taxon by at least two 

unique reads with a Kraken confidence score >0.50, virome could be retrieved for 47 

samples, of which 39 (48.1%) from PWH and 8 (72.7%) from CWH. Bacteriophages 

accounted again for 71% of total viral reads and were detected in 26 subjects (number of 

reads 30 [5-86]), and Siphoviridae constituted again the most abundant phage community 

(number of reads per sample 3 [0-32]; Figure 8). In addition to bacteriophages, eukaryotic 

human DNA and RNA viruses accounted for 16% of total viral reads and were detected in 

21 (number of reads 10 [4-33]) subjects. Eukaryotic animal, invertebrate, and plant viruses 

accounted for 13% of total viral reads and were detected in 18 (number of reads 4 [2-11]) 

subjects (Figure 8). As for taxonomic classification by contigs, and for the same reason 

linked to the depth of sequencing, taxonomic classification by reads failed to identify HIV-1, 

EBV and JCV reads. 

Looking at pairs of repeated samples, the number of samples in which CSF virome was 

retrieved and the number of reads did not differ significantly between the first and second 

experiments, likewise when the confidence score was applied (number of samples and 

median number of reads: 7, 42 [2-57] vs 6, 7 [3-44], p=0.176 by Wilcoxon test without 

applying the confidence score; 4, 1 [0-13] vs 2, 0 [0-4] p= 0.893 by Wilcoxon test applying 

the confidence score).  
 

2.2.1 Diversity against HIV status and clinical parameters 

To determine potential differences in virome composition between PWH and CWH and by 

detectable and undetectable HIV RNA groups, α and β diversity were examined. In α 

diversity analysis, the CSF viral communities did not differ between PWH and CWH or 

between CSF HIV RNA detection and not, when considering either reads without confidence 

score cut-off or reads with a Kraken confidence score >0.50 (Figures 9 and 10). 
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Figure 9. Estimating α diversity of the viral communities obtained by CSF samples 

against HIV status and CSF HIV-RNA detection (two unique reads per taxon). 

 

Observed, Shannon and Simpson diversity indexes of the viral communities against HIV status (panel A) and 

CSF HIV-RNA detection (panel B). 
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Figure 10. Estimating α diversity of the viral communities obtained by CSF samples 

against HIV status and CSF HIV-RNA detection (two unique reads per taxon with a 

confidence score >0.50). 

 

Observed, Shannon and Simpson diversity indexes of the viral communities against HIV status (panel A) and 

CSF HIV-RNA detection (panel B). 
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The β diversity analysis between PWH and CWH showed no clear definition of clusters 

(PCoA, Figure 11). This overlap in community composition was confirmed statistically via 

Adonis (p=0.218 and 0.333). The same analysis considering CSF HIV RNA detection 

showed two taxonomic patterns discriminating samples with detectable CSF HIV RNA and 

samples with undetectable CSF HIV RNA (Figure 11). These different patterns could be 

explained by the phage Siphoviridae family, which was more frequently detected in CSF HIV 

RNA negative samples than in CSF HIV RNA positive samples (57 [98.3%] vs 15 [75.0%], 

P=0.004). No other differences were detected (e.g, by CSF proteins above or below 45 

mg/dL, CSF biomarkers, or neurocognitive diagnoses; data not shown). 

Figure 11. β diversity of the viral communities by HIV status and CSF HIV-RNA 

detection (considering two unique reads per taxon). 

Representation of beta-diversity based on Bray Curtis and Jaccard distances. Each dot represents a sample. 

For HIV status, green represents HIV-1 negative samples, while blue represents HIV-1 negative samples. For 

CSF HIV-RNA, red represents CSF samples characterized by episodic detection of HIV-1 RNA in CSF, while 

blue dots represent CSF samples characterized by the absence of HIV-1 RNA in CSF. 
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The β diversity analysis with reads and a confidence score >0.50 showed two taxonomic 

patterns discriminating PWH and CWH (Figure 12). This difference in community 

composition was confirmed statistically via Adonis (p=0.019 and 0.017). However, when the 

frequency and abundance of each viral family were compared between PWH and CWH no 

differences were detected. The same analysis considering CSF HIV RNA detection showed 

no differences between samples with detectable CSF HIV RNA and samples with 

undetectable CSF HIV RNA (Figure 12). No differences were detected against clinical 

parameters (e.g, CSF proteins above or below 45 mg/dL, CSF biomarkers, neurocognitive 

diagnoses; data not shown). 

Figure 12. β diversity of the viral communities by HIV status and CSF HIV-RNA 

detection (considering two unique reads per taxon with a confidence score >0.50). 

 

Representation of beta-diversity based on Bray Curtis and Jaccard distances. Each dot represents a sample. 

For HIV status, green represents HIV-1 negative samples, while blue represents HIV-1 negative samples. For 

CSF HIV-RNA, red represents CSF samples characterized by episodic detection of HIV-1 RNA in CSF, while 

blue dots represent CSF samples characterized by the absence of HIV-1 RNA in CSF. 
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2.2.2 Cluster Analysis 

Considering that α and β diversity analyses relied on clinical cut-offs (e.g., normal CSF 

protein and cells, BDI-II above or below 14) and that these thresholds have never been 

related to virome composition before, we also performed unsupervised two-step cluster 

analysis to remove any potential bias introduced by these arbitrary cut-offs.  

We hypothesized that participants with sterile CSF compared to CSF milieu harboring 

viruses have differences in CSF biomarkers and HIV-related parameters. We also 

hypothesized that the CSF virome composed by viruses evolutionary adapted to be part of 

it (e.g., Herpesviridae) compared to “unusual” viruses (e.g., nonhuman eukaryotic viruses) 

or to bacteriophages (for which a co-adaptation with human is known, as example within the 

gut [1,3,5], but no data is useful in confirming co-adaptation in the CNS) is associated with 

distinct CSF features (measured by CSF biomarkers) and eventually with cognitive 

performance and depressive mood. Therefore, the clustering was based on the relative 

abundance of viral reads (after the confidence score cut-off of >0.5) attributed to prokaryotic, 

human eukaryotic, and nonhuman eukaryotic viruses. 

The procedure reported a four-cluster classification as the optimal solution for the data 

(Figure 13): tightness and separation of the silhouette was extremely high (0.9) with the 

lowest Bayesian Information Criterion of 118 (vs 140 and 141 of the prior and the next 

clustering solution), and the highest ratio of distance measures of 12.8 (vs 1.2 and 1.6 of 

the prior and the next clustering solution). The contribution of predictors in defining clusters 

was 100% for human eukaryotic, >95% for prokaryotic and >80% for nonhuman eukaryotic 

viruses. 

CWH were included in the clustering but thereafter contributed only to the analyses involving 

data that were available for this group (e.g., demographics, intrathecal synthesis, CSF cells 

and protein). 
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Figure 13. Clustering measures of separation and identified clusters of CSF virome. 

 

As shown in Figure 14, Cluster 1 (C1) was composed of 15 (16.3%) participants that were 

characterized by the highest relative abundance of human eukaryotic viruses in their CSF, 

and low/null contribution of other viral groups. Cluster 2 (C2) was represented by 22 (23.9%) 

participants with CSF virome mainly composed by bacteriophages, and with milder 

contribution of eukaryotic (human and nonhuman) viruses. Cluster 3 (C3) was composed of 

the 45 participants (48.9%) with no (“sterile”) CSF virome, and Cluster 4 (C4) grouped 10 

(10.9%) participants whose CSF virome was mainly composed by nonhuman eukaryotic 

viruses. The proportion of CWH did not statistically differ across the clusters (p=0.366), 

despite higher concentration was observed in C2 and C4: 6.7% of C1, 18.0% of C2, 6.7% 

of C3, and 20.0% of C4. 
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Figure 14. Absolute and relative distribution of the cluster predictors within clusters. 

 

 

Comparisons between the clusters detected very limited and specific differences in 

immunological parameters, CSF biomarkers, and neuropsychiatric conditions (as shown in 

Table 6 and Figures 15-16). No difference in demographics was observed across clusters, 

as well as in most clinical and HIV-related parameters, nor in depressive mood. Notably, the 

“sterile” C3 had lower CD4+ T cell count compared to C2 (441 [238-659] vs 702 [485-831] 

cells/µL), higher CSF protein than C1 (49 [39-56] vs 39 [31-48] mg/dL) and C2 (38 [29-48] 

mg/dL), higher CSAR than C2 (6.2 [4.8-7.6] vs 4.7 [3.6-5.5]), and higher CSF βA42 levels 

than C1 (950 [743-1086] pg/mL vs 791 [630-878] pg/mL; Table 6). The “expected CSF 

virome” C1 had significantly less cognitive impairment compared to all the other clusters and 

all the cases in the asymptomatic degree (12.5% and 100% asymptomatic vs 61.5% of 

whom 50% symptomatic in C2, vs 67.6% of whom 16% symptomatic in C3, and vs 66.7% 

of whom 25.0% symptomatic in C4; see Table 6 and Figure 15). The “nonhuman CSF 

virome” C4 had higher CSF cells compared to all the other clusters (0 [0-2] vs 0 [0-0] cells/mL 

for all clusters) and higher CSAR (6.3 [4.5-8.8] vs 4.7 [3.6-5.5] in C2; Table 6). Of note, most 

of the values of the parameters that differed between clusters were in any case within the 
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normal range (e.g., CSF cells, CSAR, β amyloid). Figure 16 summarizes the 6 markers in 

CSF and blood that distinctly differ across the four clusters. 
 

Table 6. Comparison of clinical and viro-immunological variables between the 

clusters (only significant variables are shown). 

 KW p Comparisons between clusters 
(direction and p value°) 

1 vs 
2 

1 vs 
3 

1 vs 
4 

2 vs 
3 

2 vs 
4 

3 vs 
4 

Current CD4+ T cell count, cells/µL 0.008 L 
0.002 

  H 
0.019 

H 
0.011 

 

Current CD4+ T cell count, % 0.017 L 
0.025 

  H 
0.012 

H 
0.011 

 

Duration of HIV infection, years 0.018 L 
0.002 

L 
0.032 

L 
0.049 

H 
0.024 

  

CSF leukocytes, cells/mL 0.013   L 
0.006 

 L 
0.028 

L 
0.014 

CSF protein, mg/dL 0.026  L 
0.050 

 L 
0.017 

  

CSAR 0.048    L 
0.008 

L 
0.047 

 

CSF βA42, pg/mL 0.012 L 
0.004 

L 
0.011 

    

Neurocognitive impairment, n 0.039 L 
0.034 

L 
0.032 

L 
0.048 

   

°Only p value≤0.05 are reported. KW, Kruskal Wallis test; L, lower in former cluster versus the latter cluster; H, higher 
in the former cluster versus the latter cluster; CSF, cerebrospinal fluid; CSAR, CSF to serum albumin ratio; βA42, 
fragment 1-42 of the amyloid beta. 

 

 

Figure 15. Prevalence of cognitive impairment among the clusters. 

 

Legend: MND, mild neurocognitive impairment; HAD, HIV-associated dementia. 
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Figure 16. Box plots of CSF and immune markers differing between the clusters. 
 

 

Legend: CSF, cerebrospinal fluid; CSAR, CSF-to-serum albumin ratio. 

 

Univariable analysis observed an association between CSF virome by cluster and 

neurocognitive impairment: compared to C1, C2 (OR 11.2 [1.1-120.4], p=0.046), C3 (OR 

14.6 [1.6-132.3], p=0.017) and C4 (OR 14.0 [0.95-207.6], p=0.055) had each significantly 

higher prevalence of cognitive impairment (the large confidence intervals are due to the 

small number per group and the application of Firth penalized method). 

In adjusted analysis, the CSF clusters retained the association with different prevalence of 

cognitive impairment independently from the other parameters that differed between 

clusters, and from age, depressive mood, and education (the results of entry method for 

variable retention are shown in Table 7; model’s R^2=0.46 and p=0.015; similar results were 

obtained through backward selection method to address potential overfitting; data not 

shown). 
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Table 7. Multivariable logistic regression for neurocognitive impairment (n=64). 

 aOR (95%CI)* P value 

CSF virome cluster, C1 
C2 
C3 
C4 

Ref. 
10.1 (0.6-168.6) 
17.1 (1.5-198.6) 
31.3 (1.6-993.7) 

- 
0.062 
0.014 
0.030 

Age, years 1.1 (0.9-1.2) 0.066 

CSAR 1.3 (0.6-3.0) 0.538 

CD4+ T cell count, cells/µL 1.0 (1.0-1.0) 0.088 

CSF amyloid β 1-42, pg/mL 1.0 (0.9-1.0) 0.681 

CSF cells, cells/mL 1.0 (0.9-1.1) 0.706 

CSF protein, mg/dL 0.9 (0.8-1.1) 0.665 

Education, years 0.9 (0.7-1.1) 0.288 

BDI-II score 1.1 (1.0-1.2) 0.143 

Length of HIV infection, years 0.9 (0.9-1.0) 0.499 
Legend: aOR, adjusted odds ratio; 95%CI, 95% confidence interval; CSF, cerebrospinal fluid virome; C, cluster; CSAR, 
CSF to serum albumin ratio; BDI-II, Beck Depression Inventory II. *Firth penalized regression method was applied. 
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Discussion 

We have described the presence and composition of the CSF virome in sample of PWH on 

effective ART (plasma viral load <200 cp/mL), valid immunological status, and significant 

prevalence of mild cognitive impairment and depressive mood, as representative of modern 

cohorts of PWH. In line with our hypothesis and with previous limited evidence in people 

without HIV [4,5], human CSF cannot be considered anymore a sterile body fluid regardless 

of HIV status, immune performance, neurological signs or symptoms, and BBB permeability. 

In fact, communities of eukaryotic (human and nonhuman) and prokaryotic viruses were 

detected with similar prevalence in both PWH and CWH, participants with intact or altered 

BBB, and participants with or without neuropsychiatric complaints. Contrary to our 

hypothesis, the presence and composition of CSF virome did not result to be significantly 

associated with BBB permeability, immune performance, and CSF levels of inflammation 

and immune activation. However, in restricted analyses dependent on taxonomic attribution 

methods and grouping of the participants, the composition of the CSF virome and some of 

its characteristics (e.g., relative abundance of eukaryotic versus prokaryotic viruses, β 

diversity) were variably associated with HIV status, neurocognitive performance, CD4+ T 

cells, CSAR, CSF β amyloid, and CSF proteins.  

Among the several observations, our findings lead to a primary and concerning one: the 

large variability in taxonomy attribution, and thereby in the detectability and composition of 

CSF virome, across the three pipelines that were followed for taxa attribution: one based on 

contigs reconstruction, and two based on reads with or without Kraken confidence score. 

The choice between using reads or contigs for taxonomy attribution depends on various 

factors, and each has its own set of pros and cons: reads-based approaches can detect 

more diverse genetic material, they have higher sensitivity for microbial diversity and low-

abundance species, and they cover a broader range of taxon abundances within the same 

community [163–170]. From a practical perspective, the computational efficiency of reads-

based methods is better than the one provided by contigs reconstruction, being less 

intensive, faster, and more scalable for large datasets [163–170]. On the contrary, the 

accuracy in taxonomic attribution can be lower, as genetic fragments may not span the entire 

length of a long gene or genomic region, which in turn can lead to ambiguity and inaccurate 

assignments [163–170]. Contigs-based methods use longer sequences of DNA/RNA, 

enhancing the accuracy in assignments (e.g., in differentiating closely related species), but 

this improvement comes with the costs of higher computational intensity, of loss in sensitivity, 

which can lead to miss lower-abundance species and to underestimate viral diversity, and 
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of greater risk of introducing assembly artifacts through chimeric sequences and taxonomic 

misinterpretations [163–170]. Based on these and on the very limited previous information 

on human virome in the CSF [4,5], we were not confident enough in making any assumption 

to prefer one method instead of the other. Furthermore, and more importantly, we performed 

these three methods of taxonomic attribution and presented all their results for the following 

considerations: 

1) Current studies having the human virome as a predictor of clinical outcomes have been 

used either one of the two methods (reads vs contigs) only and drawn conclusions that 

have never been reinforced or confuted by comparing their results with those obtained 

by alternative methods within the same dataset (e.g., virome studies in PWH: [37–

40,171–175]); this occurs despite the aforementioned relevant differences between the 

methods and limits data comparability. Furthermore, in most of the studies the choice of 

the method of taxonomic attribution is never explained and justified by hypotheses or 

models. Without a consensus on the most reliable method, we opted to present and 

discuss the findings of all the methods. Plausibly, the choice of the method should also 

weight study objectives, type of biological samples, and expected richness and diversity 

of local microbial communities, and it should not be merely based on available 

computational resources and bioinformatics expertise.  

2) Our hypothesis model did not specify a priori - and voluntarily - the origin of the viral 

communities in the CSF. While the routes and mechanisms of entry into the CNS of 

neurotropic human eukaryotic viruses (e.g., Herpesviridae) are well known [176], the 

detection of nonhuman eukaryotic and prokaryotic viruses in the CSF should be carefully 

explained with alternative and non-mutually exclusive origins: these viruses could be 

carried by trafficking cells into the CSF/CNS (e.g., macrophages, bacteria), they could 

actively cross the BBB (e.g., through receptor bindings, pinocytosis, or leakage through 

severely impaired barriers), and they could passively overcome the blood filtering at the 

choroid plexus. Lastly, they could also represent fragments of genetic material rather 

than intact virions, which have been neutralized by the immune system in periphery (e.g., 

in the gut or in the blood). These circulating fragments can more easily cross the BBB 

thanks to their potentially very small size, similarly to what has been described for 

products of microbial translocation [177,178]. If we do give credit to all these hypotheses, 

NGS pipelines which use contigs to assign viral taxa could miss most of the genetic 

fragments of such viruses, as aforementioned. While it is arguable that genetic fragments 

are not active “living” components of microbial communities such as virions, it is also true 
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that their immunomodulatory properties may not be null, and their presence in the body, 

including the CSF, might trigger immune responses and activation of immune cells [3,5], 

which were the target of our biomarkers and the hypothesized pathogenic mechanism 

behind the neurocognitive outcomes of our study.  

For all these reasons, we also eventually considered that a hybrid method such as the 

taxonomic attribution based on reads but filtered through a confidence score could be a 

balanced compromise between the higher sensitivity of reads assignment (not to miss 

shorter genetic fragments of dead virions) and the need of higher accuracy to avoid false 

attributions [145,146]. Therefore, we won’t discuss the findings coming from the taxonomic 

attribution based on reads without confidence cut-off. In support of this conclusion and of 

the hypothesis of the origins of the CSF virome, several observations can be made through 

our findings: 

1) All the human eukaryotic viruses identified by each of the methods have been previously 

reported in human CSF and neuroinvasive mechanisms have been provided for most of 

them [153–160,176]. Indeed, for some of them the contamination of CSF through blood 

or skin during the LP cannot be ruled out with certainty (e.g., HCV, HPV, Molluscum 

contagiosum virus). 

2) None of the participants with and without HIV had clinically symptomatic systemic or 

CNS infections at the time of CSF collection, nor laboratory markers compatible with 

undiagnosed infections (e.g., no CSF leukocytes, normal CSF protein and CSF glucose). 

This may suggest that immune or bacterial cells trafficking from periphery into the CSF 

is not a common mechanism explaining the presence of viral communities in the CSF of 

individuals without ongoing infections. The absence of CSF cells (including red blood 

cells) also reduces the possibility of CSF contamination by blood during the LP. Lastly, 

the lack of cells able to be infected by viruses (either human or bacterial cells) also 

suggests that at least part of the viral material detected is probably not in the form of 

virions but fragments. 

3) About one fifth of both PWH and CWH had variable degree of BBB impairment (from 

mild to severe). This data hints to alternative mechanisms of entrance of the virions and 

their fragments other than the simple crossing of permeable BBB. 

4) Many of the non-human eukaryotic viruses and prokaryotic viruses detected in the CSF 

of our participants by each of the methods have been previously described as 

components of the human gut and blood virome [7,115,179,180]. Most of the 

bacteriophages assigned by contigs (CrAssphage, Corynebacterium, Burkholderia, 
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Acinetobacter, and Pseudomonas genus) are phages of bacteria that can be found in 

human gut either as pathogens, commensal symbionts, pathobionts, or persistent or 

transient bystanders, and similarly, all the phages identified by reads (Syphoviridae, 

Podoviridae, Myoviridae, and Autographiviridae) are phages of Enterobacteriaceae and 

the most common viral species in the human gut virome [7,9,115,179,181–187]. 

Cronobacter spp is an environmental bacteria that contaminates powdered milk, herbal 

teas, and starches, and its phage can come along in contaminated foods [188]; similarly, 

the two plant viruses by contigs (Southern tomato virus and Tomato brown rugose fruit 

virus) are common viruses that infect tomato seeds and plant, and their pathogenic 

effects can be slow or null, leading to the possibility that human ingest infected tomatoes 

that look edible [189,190]. For other viruses the hypothesis of their origin is less 

straightforward: Mastadenovirus C is a pathogenic virus that can cause respiratory tract 

infections in children, while it is usually asymptomatic in older ages [191]; the fact that it 

has been previously identified also in human CSF ([192,193]) may suggest either 

neurotropism or transient blood viremia that could lead to CSF spillage. Similarly, 

Gemycircularvirus HV-GcV2 has been identified sporadically as the etiological cause of 

recurrent pericarditis in human [194], suggesting a possible circulation in blood that can 

reach CSF too. 

We did not perform virome analysis in the blood, feces, or gut samples of our participants. 

This addition could have significantly improved the interpretation of the possible gut or blood 

origin of CSF viruses. Future studies should overcome such limitation by performing 

sequencing in paired samples of CSF, blood, and possibly gut. Of note, in the study of Ghose 

et al., where CSF, plasma, saliva, urine, feces, breast milk, and other body fluid samples 

from participants with and without CNS infections were analyzed, the type of sample only 

moderately affected β diversity [4]. Furthermore, both α and β analyses clustered the CSF 

virome as closer to the virome in plasma, breast milk, and body fluids, and more distant from 

the composition and characteristics of the virome in feces, saliva, and urine [4]. 

Both the α and β diversity analyses by contigs and reads assignment did not support our 

hypotheses that the characteristics of CSF virome are associated with biomarkers of 

immunological status (e.g., CD4+ T cell count), inflammation (e.g., intrathecal synthesis, 

CSF tau), BBB permeability (e.g., CSAR), and immune activation (e.g., CSF neopterin), nor 

that the characteristics of CSF virome are associated with depressive mood or global 

cognitive performance. 
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According to contigs assignment, no demographic, clinical (including HIV status), 

viroimmunological variables and no biomarker was associated with the presence of CSF 

virome nor with α and β diversity, apart sex at birth. Female sex was associated with an 

adjusted significant increase in the probability of detecting viruses in the CSF. Despite we 

adjusted our model for HIV acquisition routes, several other factors not analyzed herein 

could explain this finding, which report a sex-based distinction previously observed in human 

viromes of other body niches [2,195,196]: e.g., differences in dietary and sexual behaviors, 

different prevalence of comorbidities, hormones levels, and differences in the immune 

system. Further studies should confirm this data to assess whether, how, and why sex-based 

differences in CSF virome could have distinct outcomes, as we could not stratify our 

association analyses by sex. 

According to reads assignment with confidence score, no demographic, clinical, 

viroimmunological variables and no biomarker was associated with the presence of CSF 

virome nor with α and β diversity, apart HIV status. Interestingly, there was a significant 

divergence between the virome of PWH and that of CWH, which was however not 

dependent on the frequency or abundance of specific viral families. Among PWH, neither 

low-level traces of HIV RNA in CSF (measured through PCR) nor current and past CD4+ T 

cell count associated with between-samples distance. Furthermore, when participants were 

clustered by relative abundance of viral categories (human and nonhuman eukaryotic, 

prokaryotic), HIV status did not change significantly across the clusters. Future studies on 

larger sample size and that enroll HIV-negative controls should more powerfully assess this 

finding, and investigate the potential source (e.g., use of antiretrovirals and HIV-induced 

immunological perturbations [37,129,171,175]). 

When CSF virome was investigated by clustering participants according to the relative 

abundance of the three major categories of viruses (human and nonhuman eukaryotic 

viruses, and prokaryotic viruses), more clinical variables and biomarkers resulted associated 

with CSF virome composition under this framework. The most represented cluster was C3 

(~50% of participants) which was featured by the lowest/null presence of any viral species, 

followed by C2 (23.9%, prokaryotic viruses/bacteriophages’ predominance), C1 (16.3%, 

human eukaryotic viruses’ predominance), and C4 (10.9%, nonhuman eukaryotic viruses’ 

predominance). Of note, C3 was called “sterile” based on the limit of detection of our NGS 

pipelines. The very low abundance or apparent total absence of viral species depends on 

the depth of sequencing and other factors that affect the sensitivity of our NGS methods, 

and none of the CSF could be considered truly sterile (HIV, EBV, and JCV detected by RT-
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PCR were not detected by NGS and other neurotropic viruses highly prevalent in the general 

population were not detected, but likely present at variable degrees and combinations based 

on previous estimates [64,132,197]). 

Using as reference C1, being primarily populated by human eukaryotic viruses, all the other 

clusters had longer duration of HIV infection, C4 – at its polarized opposite - had significantly 

higher CSF cells, while C3 had higher CSF proteins. C1 had also lower levels of CSF βA42 

compared to clusters predominantly populated by bacteriophages or “sterile”. Most notably, 

C1 had extremely lower prevalence of neurocognitive impairment compared to all the others. 

While some of these findings may lead to conflicting conclusions compared to what 

previously expected and within our data, some considerations require further discussion. As 

example, βA42 should be consumed during chronic CNS infections, such those depicted in 

C1, and its reduced CSF levels as well as chronic CNS viral infections have been associated 

with cognitive impairment in people with and without HIV infection [71,198–203]. However, 

the cross-sectional analysis can only provide a snapshot of this population. We cannot 

establish where our participants sit along the dynamic curve of CSF levels described by 

βA42 in response to microbial triggers. The lower values of CSF βA42 in C1 associated with 

better cognitive performance may be explained by the fact that the CSF levels measured in 

all the clusters are still within the normal range for most of the participants, and increased 

CSF levels may feature the phase preceding amyloid deposition, in which amyloid is 

overproduced in response to local microbes (including viruses) [203,204]. The higher value 

of CSF proteins in C3 may be a sign of greater inflammation that increased the “sterility” of 

the CSF, rather than a sign of increased inflammation in presence of less rich and abundant 

viral communities. C2 had the lowest values of CSAR, although the greatest contribution by 

bacteriophages to the virome composition. In line with our previous hypothesis on the origin 

of the CSF virome, this can be explained by the fact that bacteriophages may enter the CNS 

as genetic fragments which do not require impaired BBB. 

Not to further complicate our model, we have not commented on the role of the glymphatic 

system so far [205], but it is worth mentioning that differences in CSF virome composition, 

as described by our clusters, may depends not only or primarily on mechanisms of viral entry 

into the CNS, but also on mechanisms of CSF clearance. In this regard, cognitive impairment 

and neurodegenerative disorders such Alzheimer’s dementia have been attributed to altered 

functions of the glymphatic system [206–209]. This “CNS sewage” uses a system of 

perivascular channels formed by astrocytes to drain and eliminate soluble proteins and 

metabolites from the CNS, and its dysfunction may lead to the accumulation of neurotoxic 
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products and amyloid [205–208]. From this perspective, C1 and C3 could be grouped 

together to represent participants with an effective glymphatic system; within this group, the 

frequency and intensity of exposures and reactivations of neurotropic human eukaryotic 

viruses can further distinguish C1 from C3. On the opposite, C2 and C4 could be grouped 

together to represent participants with impaired glymphatic system, where the same amount 

of nonhuman eukaryotic and prokaryotic viruses that “physiologically” reach the CSF is less 

efficiently and rapidly drained outside the CNS. 

The complexity of the hypotheses and the number of permutative possible interpretations 

could follow a factorial growth and require further data from longitudinal studies with larger 

samples and assessments of factors that we did not measure to avoid false rabbit holes. 

What our data suggest is that there is evidence of a relationship between the composition 

of CSF virome, immunity, specific biomarkers’ pathways, and cognition, which justify further 

efforts to better disentangle such intertwined relationships. Of relevance, our data are not in 

conflict with previous data endorsing an etiologic role of neurotropic viruses in cognitive 

impairment [63,64,67,210–213]; rather, they complement these and can explain 

discrepancies among studies with positive and negative findings, as they have been 

measured only the tip of the ice berg. 

Among the other limitations of our study, there is the cross-sectional and retrospective 

design. This can have affected the detection of genetic material, especially RNA, due to the 

long-time span of conservation of some of the samples as well as causal inferences and 

interpretations for the associations detected. Longitudinal studies should address the 

stability of the CSF virome composition and characteristics overtime and their relationship 

with mental health outcomes and CSF biomarkers levels overtime. The variability in 

metagenomic findings does not depend solely on methods of taxonomic attribution, and 

other steps in our NGS pipelines (from the initial pore micro filtering, that could have retained 

cells and larger virions, to library preparation) inevitably introduce heterogeneity in the 

methods that limits data comparison and affects the final characteristics of the viral 

communities: e.g., the depth of sequencing did not allow us to detect very low-level traces 

of HIV, EBV and JCV that were detected by the more sensitive RT-PCRs. In this regard, all 

the viromes described are likely an underestimation of what is the true richness and 

composition of the samples. The participants without HIV infection were used as controls in 

only a part of our analyses, as they did not undergo all the testing and collection of clinical 

data available for PWH. Furthermore, both the groups were limited in number and no 

calculation of the statistical power could be reliably performed. This could have affected both 
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type I and II errors and our capacity to address them. This is also the reason why, despite 

multiple testing, we have not performed adjustments of the threshold of significance (α set 

at 0.05). However, despite some of the findings found to significantly differ between clusters 

require confirmation on larger sample, the differential risk of cognitive impairment according 

to cluster strengthen the significance of its association when adjusted in multivariable 

models, supporting the robustness of this clinical finding. 

Among the strengths of our study, other than the originality of the findings, the comparison 

of taxonomic attribution methods, the ecological validity of the study population compared 

to modern cohorts of PWH, the inclusion of blank controls for the sequencing and of HIV-

negative controls, and the extensive neurocognitive and CSF assessment of PWH. We will 

also further exploit the richness of our dataset through post-hoc and subgroup analyses: 

e.g., the contribution of specific viral taxa in CSF biomarkers, clinical outcomes, and 

cognitive domains (as suggested by the association between executive functions and 

memory performance and ratios between dominant viral taxa within consortia in human and 

other animal spp [14]); alternative cluster solutions based on different parameters (only 

quantitative to evaluate the “glymphatic hypothesis”, instead of quali-quantitative as the one 

presented); the longitudinal assessment of participants with stored and available CSF 

samples at subsequent time points (pending the results of the submitted research grant to 

the HIV Neurobehavioral Research Center, UCSD). 
 

Conclusions 

We have described for the first time the presence, composition, and characteristics of the 

viral communities that inhabit the CSF of PWH on suppressive ART and valid immunological 

status. The variability in all these was extremely wide by simply changing the taxonomic 

assignment approach, with eventually significant differences in the factors that resulted 

associated with the composition of the viral consortia in the CSF (e.g., sex, neurocognition, 

HIV status). An international consensus for a shared and reliable metagenomic pipeline for 

virome studies is therefore essential, and clearer models and a posteriori interpretation of 

findings produced by distinct approaches in parallel may guide better informed decisions. 

All the methods agreed on that both prokaryotic and eukaryotic viruses, including non-

human viruses, inhabit the CSF of ART-treated PWH and of CWH. Most of the detected 

viruses without known neurotropism has been previously found in human gut and blood, 

suggesting that a gut-blood-brain route may be the path followed to reach the CSF. Overall, 

our data indirectly suggest also that most of the CSF virome is composed by genetic 

fragments rather than replication-competent virions. Several factor can affect or be affected 
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by the composition of the CSF viral consortia, including cognitive performance, β amyloid 

metabolism, and, directly or indirectly, HIV infection itself. The relative abundance of 

eukaryotic (human and nonhuman) and prokaryotic viruses (mainly bacteriophages) in the 

CSF was able to discriminate PWH that differ for all the above. Our data delineate a further 

mechanism by which the gut-brain axis can shape neuroinflammation, neurodegeneration, 

and cognitive performance, and contribute to describe a further piece in the emerging 

disease models that link brain health to the human microbiota. If confirmed, these data can 

inform tailored interventions to target the human virome, as already attempted for psychiatric 

and neurological disorders in the general population [125–128,214–216]. 
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