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ABSTRACT 

Human immunodeficiency virus (HIV) infection is now considered a 

chronic disease thanks to the extended use of antiretroviral treatment (ART). 

However, chronic immune activation, inflammation, and increased bacterial 

translocation (BT) could persist in these patients despite ART. These facts have 

been described as predictors for clinical events and mortality in these patients. 

Gut microbiota (GM) changes induced by HIV infection and ART seem to be 

related to such inflammatory state. The role of integrase strand transfer inhibitors 

(INSTIs), the preferred choice for the treatment of naive patients, on GM 

(bacteriome) has not been deeply investigated. There are also no studies focused 

on the effects of HIV infection and/or ART on gut virome, despite the fact that 

viruses are the most abundant components of human GM. The main objective of 

this Doctoral Thesis was to deeply characterize GM composition (both 

bacteriome and virome) and oral bacteriome of HIV-infected patients in 

comparison with non-HIV-infected subjects, and to analyse the impact of INSTIs-

based treatments. To accomplish this objective, 26 non-HIV-infected volunteers 

and 30 HIV-infected patients (15 naive and 15 under INSTI-regimen) were 

recruited. Blood samples were extracted to analyse biochemical parameters and 

markers of BT, inflammation, cardiovascular risk, gut permeability, and bacterial 

metabolism. Gut bacteriome composition and oral bacteriome composition was 

analysed using 16S rRNA gene sequencing and gut virome composition was 

studied using shotgun sequencing.  

Our results showed that HIV-infection increased BT, inflammation, 

cardiovascular risk, and gut permeability, whereas INSTIs counteracted these 

effects. Regarding gut bacteriome, the reduction in bacterial richness induced by 

HIV infection was restored by INSTIs (p<0.05 naive vs. control Observed features 

and Chao1 estimator indexes). β-diversity revealed that HIV-infected people were 

separated from the control group independently of treatment (p<0.05 naive vs. 

control and p<0,05 INSTIs vs. control). Considering gut virome, the results 

showed that bacteriophages are the most abundant and diverse viruses in the 
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gut independent from the HIV status and the use of treatment. Neither HIV 

infection nor INSTIs-based treatment had an effect on eukaryotic viruses 

composition. On the other hand, HIV infection was accompanied by a decrease 

in phage richness which was reverted after INSTIs-based treatment (p<0.01 

naive vs. control Observed features index and p<0.05 naive vs. control Fisher’s 

alpha index). β-diversity of phages revealed that samples from HIV-infected 

patients clustered separately from those belonging to the control group 

(padj<0.01 naive vs. control and padj<0.05 INSTIs vs. control). However, it is 

worth mentioning that samples coming from INSTIs-treated patients grouped 

more closely together compared to naive patients. Differential abundant analysis 

showed an increase in phages belonging to the Caudoviricetes class in the naive 

group compared to the control group (padj<0.05) and a decrease of 

Malgrandaviricetes class phages in the INSTIs-treated group compared to the 

control group (padj<0.001). Besides, it was observed that INSTIs-based 

treatment was not able to reverse the increase of lysogenic phages associated 

with HIV infection (p<0.05 vs. control) or to modify the decrease observed on the 

relative abundance of Proteobacteria-infecting phages (p<0.05 vs. control). 

Finally, with respect to oral bacteriome, our study was unable to detect 

differences neither in α-diversity nor in β-diversity between the three groups 

analysed, although some taxa were revealed to be increased in the naive group 

and in the INSTIs-treated group compared to controls. 

In conclusion, this Doctoral Thesis shows that current antiretroviral 

regimens based on INSTIs are able to reverse the impact of HIV infection on BT, 

systemic inflammation, gut permeability, and gut bacterial diversity/richness 

reaching similar levels than those observed in an uninfected/control population. 

Besides, our study describes for the first time the impact of HIV and INSTIs on 

the gut virome and demonstrates that INSTIs-based treatments are able to 

partially restore gut dysbiosis, not only at the bacterial, but also at the viral level. 

These results suggest a protective role of INSTIs in disease progression, in 

subsequent immune activation, and in the development of future age-related 

complications such as cardiovascular events and opens several opportunities for 

new studies focused on microbiota-based therapies. 
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RESUMEN 
La infección por el virus de la inmunodeficiencia humana (VIH) es 

considerada actualmente como una enfermedad crónica gracias al uso del 

tratamiento antirretroviral (TAR). Sin embargo, a pesar del TAR, estos pacientes 

pueden presentar un estado de inmunoactivación e inflamación crónica, así 

como un incremento de la translocación bacteriana (TB). La presencia de estos 

hechos es considerada un predictor de futuros eventos clínicos y de mortalidad 

en estos pacientes. Además, los cambios en la microbiota intestinal (MI) 

inducidos por la infección por el VIH y por el ART podrían estar relacionados con 

este estado inflamatorio crónico. En este sentido, el papel de los inhibidores de 

la integrasa (IINs), terapia preferente en los pacientes naïve, sobre la MI 

(bacterioma) no ha sido analizado en profundidad. Tampoco se han desarrollado 

estudios concluyentes sobre el impacto de la infección por VIH y/o el TAR en el 

viroma, a pesar de que los virus son el componente más abundante de la MI en 

los seres humanos. El objetivo de esta tesis fue caracterizar en profundidad la 

composición de la MI (incluyendo bacterioma y viroma) y el bacterioma oral en 

pacientes infectados por el VIH en comparación con una población no infectada 

y analizar el impacto de los IINs. Para lograr este objetivo se reclutaron 26 

voluntarios no infectados por el VIH y 30 pacientes infectados por el VIH (15 

naïve y 15 bajo tratamiento con IINs). Se extrajeron muestras de sangre para 

analizar parámetros bioquímicos y marcadores de TB, inflamación, riesgo 

cardiovascular, permeabilidad intestinal y metabolismo bacteriano. La 

composición del bacterioma intestinal y oral fue analizado mediante 

secuenciación del gen del ARNr 16S y la composición del viroma intestinal se 

estudió mediante secuenciación “shotgun”. 

 Nuestros resultados mostraron que la infección por el VIH incrementó la 

TB, la inflamación, el riesgo cardiovascular y la permeabilidad intestinal, mientras 

que los IINs contrarrestaron estos efectos. En cuanto al bacterioma intestinal, la 

reducción en la riqueza bacteriana inducida por la infección por el VIH fue 

restaurada por los IINs (p<0,05 naïve vs. control en los índices Observed 

features y Chao1 index). La β-diversidad reveló que los pacientes infectados por 
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el VIH estaban separados del grupo control independientemente del tratamiento 

(p<0,05 naïve vs. control and p<0,05 IINs vs. control). Considerando el viroma 

intestinal, los resultados mostraron que los bacteriófagos son los virus más 

abundantes y diversos en el intestino independientemente de la infección por 

VIH y del tratamiento. Ni la infección por el VIH ni el tratamiento con IINs tuvo un 

efecto sobre la composición de los virus eucariotas. Por otro lado, la infección 

por VIH se vio acompañada de una disminución en la riqueza de fagos que fue 

revertida tras el tratamiento (p<0,01 naïve vs. control en el índice de Observed 

features y p<0,05 naïve vs. control en el índice Fisher’s alpha). La β-diversidad 

de los fagos reveló que las muestras de pacientes infectados por el VIH 

agrupaban de manera separada con respecto a las pertenecientes al grupo 

control (padj<0,01 naïve vs. control y padj<0,05 IINs vs. control). Sin embargo, 

cabe mencionar que las muestras procedentes de pacientes tratados se 

encontraban más agrupadas entre sí que aquellas procedentes de pacientes 

naïve. El análisis de la abundancia diferencial de los fagos mostró un incremento 

de la clase Caudoviricetes en el grupo naïve con respecto al grupo control 

(padj<0,05) y una disminución de la clase Malgrandaviricetes en el grupo tratado 

con respecto al grupo control (padj<0,001). Además, se observó que el 

tratamiento con IINs no fue capaz de revertir el incremento en los fagos 

lisogénicos asociados a la infección por VIH (p<0,05 vs. control) ni modificar la 

disminución observada en la abundancia relativa de los fagos que infectan al filo 

Proteobacteria (p<0,05 vs. control). Finalmente, con respecto al bacterioma oral, 

nuestro estudio fue incapaz de detectar diferencias en la α-diversidad y en la β-

diversidad, aunque sí que se observaron algunos taxones bacterianos 

incrementados en el grupo naïve y en el grupo tratado en comparación al grupo 

control. 

 En conclusión, esta Tesis Doctoral muestra que los TARs actuales 

basados en IINs son capaces de revertir el impacto de la infección por el VIH en 

la TB, la inflamación sistémica, la permeabilidad intestinal y la riqueza bacteriana, 

alcanzando niveles similares a los observados en una población control no 

infectada. Además, nuestro estudio describe por primera vez el impacto del VIH 

y los IINs en el viroma intestinal y demuestra que los tratamientos basados en 
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IINs son capaces de restaurar la disbiosis intestinal tanto a nivel bacteriano como 

vírico. Estos resultados sugieren un efecto protector de los IINs en la progresión 

de la enfermedad, en la subsecuente activación inmune y en el desarrollo de 

futuras complicaciones relacionadas con la edad como los eventos 

cardiovasculares y, por tanto, abre numerosas oportunidades para desarrollar 

nuevos estudios focalizados en terapias coadyuvantes basadas en la microbiota.  
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1. INTRODUCTION 

1.1. Human immunodeficiency virus 
1.1.1. Origin and epidemiology 

One of the major public health problems reported in our history (despite the 

actual COVID-19 pandemic) occurred in 1981, when a large number of 

homosexual men suffered from unusual opportunistic infections and rare 

malignancies. This “new disease” was recognized in 1982 by the Centers for 

Disease Control and Prevention (CDCs) from USA as “acquired 

immunodeficiency syndrome” (AIDS), because the immune system of these 

patients were weakened (1–3). In one year, the team of Luc Montagnier at the 

Pasteur Institute in Paris and the American team of Roberto Gallo identified the 

causal agent of such disease (4,5), which was later named as “human 

immunodeficiency virus” (HIV) (6). There was a great controversy about who 

were the first to isolate the virus, but in 1994 the French team was recognised as 

the first team able to identify and characterize the virus and, because of that, 

Montagnier and his colleague Françoise Barré-Sinoussi were awarded with the 

Nobel Prize in Medicine in 2008 (7). Nevertheless, in 1986, a second type of the 

virus was discovered in AIDS patients in West Africa: HIV-2 (8). In fact, AIDS 

syndrome can be caused by both HIV types 1 (HIV-1) and 2 (HIV-2). HIV-1 

evolved from simian immunodeficiency viruses (SIVs) from Central African 

chimpanzees (SIVcpz) and gorillas (SIVgor) and HIV-2 from SIV from West 

African sooty mangabeys (SIVsm), and through cross-species infection they were 

transferred to humans (9–11). Thus, HIV infection can be considered a remote 

zoonotic disease. Both HIV-1 and HIV-2 are grouped to the genus Lentivirus 

within the family of Retroviridae, subfamily Orthoretrovirinae (12), and are very 

similar in modes of transmission and in intracellular replication pathways (13). 

However, HIV-2 is far less frequent and patients with HIV-2 have lower plasma 

viral load than patients infected by HIV-1 and, consequently, HIV-2 has a lower 

transmissibility and a reduced probability of progression to AIDS, being less 

pathogenic (14,15). Thus, taking into account the higher pathogenicity, the global 
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distribution and the type of patients of our environment, this Doctoral Thesis is 

focused on HIV-1-infected patients. 

HIV-1 is subdivided into four phylogenetical groups (M, N, O and P) (16–

18). Groups M, N, and O are related to SIVcpz while group P is closed to SIVgor 

from Cameroon (9,10,18,19). HIV-1 group M is the cause of the global pandemic 

(20) and a study placed its origin around the early 1920s in Kinshasa (Democratic 

Republic of the Congo) as zoonotic events. Considering that hunting apes is 

usual in Africa, it is possible that virus jumped from ape to human through a bit, 

a scratch, or a contact between the blood of a dead ape and an open wound. 

Then, the virus was spread mainly by sex practice and trade (11). 

 Since the beginning of the AIDS epidemic (in the early 80’s), more than 80 

million people have been infected by HIV and approximately 40 million people 

have died because of this infection. The most recent data published by the World 

Health Organization (WHO) estimate that a mean of 38.4 million people (33.9-

43.8) were living with HIV at the end of 2021, of whom, 1.5 million (1.1-2.0) were 

diagnosed in that year (21). In 2000, AIDS was the eight cause of death in the 

world and, although deaths from AIDS have decreased by 51%, it stands in the 

nineteenth place (22) (last search in August 2022). Concerning Spain, 150000 

people were living with HIV in 2019 (21). 

1.1.2. Genome structure 

 The genome structure of HIV was perfectly reviewed by The German 

Advisory Committee Blood in 2016 (13). The HIV genome consists of two 

identical single-stranded ribonucleotide acid (RNA) molecules that are enclosed 

within the core of the virus particle. The proviral deoxyribonucleotide acid (DNA) 

is generated by the reverse transcription of the viral RNA genome into DNA, 

degradation of the RNA and integration of the double-stranded DNA (dsDNA) into 

the human genome. This proviral DNA is flanked at both ends by LTR (long 

terminal repeat) sequences. The 5’LTR region codes for the promotor followed 

by the open reading frames of the genes gag (group-specific antigen), pol 
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(polymerase), and env (envelope). The gag gene encodes the protein of the outer 

capsid membrane (MA, p17), the capsid protein (CA, p24), the nucleocapsid (NC, 

p7), and a smaller, nucleic acid-stabilising protein. The pol gene codes the 

enzymes protease (PR, p12), reverse transcriptase (RT, p51), RNase H (p15), 

and integrase (IN, p32). The env gene encodes the two envelope glycoproteins 

gp120 (surface protein, SU) and gp41 (transmembrane protein, TM). In addition 

to the structural proteins, the HIV genome codes for several regulatory proteins 

such as Tat (transactivator protein, p14) and Rev (RNA splicing-regulator, p19), 

necessary for the initiation of HIV replication, and Nef (negative regulating factor, 

p27), Vif (viral infectivity factor, p23), Vpr (virus protein r, p15), and Vpu (virus 

protein unique, p16), having an impact on viral replication, virus budding, and 

pathogenesis. 

1.1.3. Virion structure 

 The virion is round, measures approximately 100 nm of diameter and have 

a lipid bilayer as its envelope. This lipid bilayer contains 72 knobs composed of 

trimers of the Env proteins. Specifically, the transmembrane glycoprotein gp41 

forms trimmers embedded to the membrane which allows the anchoring of 

trimmers of the glycoprotein gp120 (23). Below the envelope is the outer capsid 

membrane formed by the MA, which is assembled to the capsid formed by the 

CA (24). Inside the capsid, two identical molecules of viral genomic RNA are 

located alongside several molecules of RT, RNase H, and IN composing the 

nucleocapsid (12). Besides, inside the capsid there are some copies of the 

proteins PR, Nef, Vif, Vpr, and NC (Figure 1). 
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Figure 1. Structure of the HIV-1 virion. From US National Institute of Health (25). HIV-1 (human 
immunodeficiency virus type 1), Nef (negative regulating factor), p7 (nucleocapsid protein), Vif 
(viral infectivity factor), Vpr (virus protein).  

1.1.4. Infection of human cells 

 The surface glycoprotein gp120 of the mature HIV has tropism for the 

cluster of differentiation 4 (CD4) receptor present in the host cell, therefore, all 

CD4-positive cells such as lymphocytes T helper, macrophages, dendritic cells 

(DCs), and astrocytes are susceptible to be infected by HIV. Once this initial 

contact occurred, gp120 shows a conformational change which allows the 

interaction with the coreceptor chemokine receptor 5 (CCR5) or chemokine 

receptor 4 (CXCR4 or fusin) (26,27). This second contact triggers an additional 

conformational change in gp120 and, subsequently, in gp41, which presents its 

N-terminus to the viral membrane and due to the high hydrophobicity inserts into 

the membrane of the target cell completing the fusion between the cell membrane 

and the viral envelope (12,28). After the fusion, the viral capsid is translocated to 



 

39 

 

the cytoplasm where is taken up by an endosome which allows the release of the 

capsid contents into the cytoplasm by a change in the pH value (29). Inside the 

infected cell, the reverse transcriptase transcribes the single-stranded RNA into 

complementary deoxyribonucleic acid (cDNA), at the same time that the RNase 

H degrades the RNA and, following, the single-stranded cDNA is converted into 

dsDNA, known as proviral DNA. by the polymerase activity of the reverse 

transcriptase (30). The next step is the transport of a complex consisting of the 

proviral DNA and the IN into the nucleus where the integration into the human 

host cell genome takes place finalising the HIV infection of the cell and the 

establishment of a persistent infection (13). In this point, the proviral genome can 

be replicated as part of the host cell genome during cell division. However, latent 

infection is rare, and it is more frequent that after the activation of infected cells 

the synthesis of viral messenger ribonucleic acid (mRNA) starts (31). The 

attachment of HIV to a host cell requires between 20 min to 2 h, the transcription 

of the viral RNA genome into the proviral DNA last around 6 h, the integration into 

the host takes an additional 6 h and, after the integration, the first virus particles 

are detectable after approximately 12 h. In summary, 24 h after infection the first 

progeny viruses are released (32–34) (Figure 2). 

 
Figure 2. HIV infection of human cells. From HIV.gov (35). CD4 (cluster of differentiation 4), cDNA 
(complementary deoxyribonucleic acid), DNA (deoxyribonucleic acid), HIV (human 
immunodeficiency virus), RNA (ribonucleic acid).  
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1.1.5. Natural history of HIV infection 

 The first period after HIV infection, which starts 3-4 weeks after exposition, 

is defined as acute HIV infection (acute phase) and, generally, lasts 6-12 weeks. 

It is characterized by the first detection of HIV RNA in plasma and the formation 

of HIV-specific antibodies. Depending on the mode of transmission, the virus gets 

into the bloodstream directly (parenterally transmission) or must break through 

mucous membranes (sexual transmission). In the second case, the virus traffics 

between the DCs and macrophages presented in the mucous membranes after 

being transferred to lymphocytes T CD4+ (36–38). Then, the virus or infected 

cells reaches the lymph nodes where activated lymphocytes T CD4+ CCR5+ are 

found and this facilitates the replication and the dissemination to secondary 

lymphoid tissues, mainly the gut-associated lymphoid tissue (GALT). GALT is the 

largest immune organ in the body and it stores a large amount of effector memory 

T cells (36), which are cells in a continuous state of activation, making them very 

susceptible to HIV infection (39). Besides, during the earliest stage of HIV 

infection, some HIV-infected cells located in the GALT go into a latent state 

remaining without producing new HIV particles for years. However, suddenly, 

they can be activated and start producing more HIV virions (40,41). HIV infection 

also depletes T helper 17 (Th17) cells, which play a key role in antimicrobial 

defence (42,43). On the other hand, the infection of macrophages involves the 

secretion of cytokines that induce a significant increase in the recruitment of more 

activated lymphocytes T CD4+ triggering the transmission of the virus “cell by 

cell” and enhancing the intestinal infection (37). At this time, 10-14 days post 

infection, HIV can be detected reaching a peak of plasma viremia and a decline 

in peripheral lymphocytes T CD4+ after 3-4 weeks of infection (13,36,44). This 

situation can be accompanied by symptoms such as fever, fatigue, 

lymphadenopathy, sore throat, and exanthema (45). After that, viral replication is 

reduced, probably due to virus-specific immune responses getting at a steady 

state that defines the initiation of the chronic phase, characterised by a low but 

constant replication and which could generally last up to 7-10 years. In this phase, 

the immune response increases the circulating lymphocytes T CD4+ reaching 
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“normal” levels (over 500 cells/mm3) and the previous symptoms disappeared. 

Nevertheless, the depleted lymphocytes T CD4+ in GALT are not completely 

restored (13,36,46). Subsequently, the number of lymphocytes T CD4+ continues 

falling at a very low levels (below 200 cells/mm3) and this marks the beginning of 

AIDS (36,44,47). The time to develop AIDS without therapy can vary between 2 

and 25 years or even more since the infection (13,36). However, patients under 

antiretroviral treatment (ART) show a reduction in viral load to undetectable levels 

and a recovery of lymphocytes T CD4+ (48) (Figure 3). In fact, thanks to ART, 

HIV infection is now considered as a chronic disease with no fatal outcome (49).  

 
Figure 3. Typical natural course of HIV infection. From An and Winkler, 2010 (44). AIDS (acquired 
immunodeficiency syndrome), CD4 (cluster of differentiation 4), HIV (human immunodeficiency 
virus), RNA (ribonucleic acid).  

1.1.6. Antiretroviral treatment 

 The highly effective antiretroviral therapy in the mid-1990s transformed the 

HIV infection into a chronic disease (49). HIV-infected people under ART 

significantly reduce their mortality and the associated morbidity (50–52) in 

addition to a lower risk of transmitting the virus to others (53–55). Throughout the 

years of fighting against HIV pandemic, different treatments have been 
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dynamically developed. There are different families of drugs that interfere with 

the replication cycle of the virus at different stages/points: i) binding with the host 

cell (co-receptor antagonists); ii) fusion with the host cell (fusion inhibitors); iii) 

reverse transcription of the RNA (nucleoside and nucleotide reverse transcriptase 

inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs)); 

iv) integration with the host genome (integrase inhibitors (INIs)); and v) proteolytic 

cleavage and virion release (protease inhibitors (PIs)) (56–58) (Figure 4). 

 
Figure 4. Reproductive cycle of HIV-1 and sites of action of ARTs. From Gandhi and Gandhi, 
2014 (59). ARTs (antiretroviral treatments), CCR5 (chemokine receptor 5), CD4 (cluster of 
differentiation 4), CXCR4 (chemokine receptor 4), DNA (deoxyribonucleic acid), HIV-1 (human 
immunodeficiency virus type 1), mRNA (messenger ribonucleic acid), RNA (ribonucleic acid).  
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Nowadays, the recommended guidelines for the initial treatment of HIV-

infected people in Spain consist of the combination of two or three drugs. 

Guidelines consisted in three drugs include two NRTIs alongside with an INI, an 

NNRTIs or a boosted PI. The NRTIs used as backbone are emtricitabine (FTC), 

tenofovir alafenamide (TAF), abacavir (ABC), and lamivudine (3TC), whereas the 

NNRTIs are doravirine (DOR) and rilpivirine (RPV). Finally, the unique boosted 

PI recommended is dorunavir (DRV) either with cobicistat (COBI) (DRV/c) or 

ritonavir (RTV) (DRV/r). It is important to highlight that all the preferred 
regimens include an INI in the Spanish guidelines (GESIDA) as follows: a) 

bictegravir (BIC)/FTC/TAF (a.k.a. Biktarvy®), b) dolutegravir (DTG)/ABC/3TC 

(a.k.a. Triumeq®) and c) DGT+FTC/TAF (a.k.a. Trivicay®+Descovy®). On the 

other hand, the alternative guidelines are as follows: a) raltegravir 

(RAL)+FTC/TAF (a.k.a. Isentress®+Descovy®), b) DRV/c/FTC/TAF (a.k.a. 

Symtuza®) or DRV/r+FTC/TAF (a.k.a. Prezista®+Norvir®+Descovy® and c) 

DOR+FTC/TAF (a.k.a. Pifeltro®+Descovy®) and d) RPV/FTC/TAF (Odefsey®). 

Finally, the only two-drug combination which is approved by GESIDA include one 

NRTI (3TC) and one INI (DTG) (DTG/3TC, a.k.a. Dovato®) (Table 1). With these 

combinations, it is possible to achieve a viral load below 50 copies/ml after 48 

weeks of treatment in 85% of cases. However, these recommendations are not 

valid in pregnant women and people with tuberculosis (60).   
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Table 1. Recommended Spanish guidelines for the initial treatment of HIV-infected people. 
Adapted from Documento de consenso de GeSIDA, 2022 (60).  
 
 

 

 

 

 

 

 

 

 

 

 

3TC (lamivudine), ABC (abacavir), BIC (bictegravir), DRV/c (darunavir boosted with cobicistat), 
DRV/r (darunavir boosted with ritonavir), DOR (doravirine), DTG (dolutegravir), FTC 
(emtricitabine), INI (integrase inhibitor), NNRTI (non-nucleoside reverse transcriptase inhibitor), 
PI (protease inhibitor), RAL (raltegravir), RPV (rilpivirine), TAF (tenofovir alafenamide). 

Next, the characteristics of each of the families of anti-HIV drugs are briefly 

detailed, going into depth in the INIs, as they are the focus of this Doctoral Thesis. 

A. Co-receptor antagonists or CCR5 antagonists 

 The appropriate use of CCR5 receptor antagonists depends on the 

knowledge of the existence of three strains of HIV-1: R5 HIV-1 (which binds to 

the CCR5 co-receptor), X4 HIV-1 (which binds to the CXCR4 co-receptor), and 

dual-tropic HIV (which binds either CCR5 or CXCR4 co-receptor) (61,62). Thus, 

this therapy is only effective in people infected by the R5 strain. CCR5 receptor 

antagonists bind to the CCR5 co-receptor inducing a conformational change that 

prevents the binding of gp120 (61,63). Maraviroc is the only CCR5 antagonist 

approved by the Food and Drug Administration (FDA) (64), but in Spain, the 

GESIDA guidelines do not recommend its use as initial therapy in naive patients 

(60). 

3rd drug Combination 

Preferred ones  
INI BIC/FTC/TAF (Biktarvy®) 

DTG/ABC/3TC (Triumeq®) 

DTG+FTC/TAF (Trivicay®+Descovy®) 

DTG/3TC (Dovato®) 

Alternative ones 

INI RAL+FTC/TAF (Isentress®+Descovy®) 

Boosted 
PI 

DRV/c/FTC/TAF (Symtuza®) 

DRV/r+FTC/TAF 

(Prezista®+Norvir®+Descovy®) 

NNRTI DOR+FTC/TAF (Pifeltro®+Descovy®) 

RPV/FTC/TAF (Odefsey®) 
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B. Fusion inhibitors 

 Enfuvirtide is the only fusion inhibitor approved by the FDA (64) and the 

European Medicines Agency (EMA) (65), but it is not recommended in the 

GESIDA guidelines nowadays (60). This drug is a 36-amino-acid synthetic 

peptide that correspond to a 36-amino-acid segment in the gp41 heptad repeat 

region 2, so it binds to the heptad repeat region 1 preventing the folding of the 

gp41 and, consequently, blocking the fusion (62,66,67). 

C. Nucleoside and nucleotide reverse transcriptase inhibitors 

 NRTIs act as host nucleotide decoys and cause termination of elongating 

of the HIV DNA chain since unlike human nucleotides they lack the 3’-hydroxyl 

group and additional nucleotides cannot be added. They also require intracellular 

phosphorylation to obtain an active state (56,58). Nowadays, in Spain, three 

nucleoside reverse transcriptase inhibitors (3TC, FTC, and ABC) and one 

nucleotide reverse transcriptase inhibitor (TAF) are used (60).  

D. Non-nucleoside reverse transcriptase inhibitors 

 NNRTIs bind directly to the RT and inhibit its function. Specifically, they 

bind to a hydrophobic pocket in the p66 subunit, which is close to the active site 

(68,69). This cause a conformational change in the polymerase domain blocking 

the DNA polymerization (68,70). In Spain, there are five NNRTIs used nowadays 

(nevirapine (NVP), efavirenz (EFV), etravirine (ETR), RPV, and DOR) (60). 

E. Integrase inhibitors 

The currently available INI drugs specifically block the integrase strand 

transfer step and because of that they are known as integrase strand transfer 

inhibitors (INSTIs) (71,72). INSTIs bind to the IN when this is attached to the viral 

deoxyribonucleic acid (vDNA) (41) inhibiting the active site through the union of 

the diketo acid group of the INSTIs to the magnesium ions in the active site of the 

IN (73). Besides, INSTIs displace the HIV DNA 3’-hydroxil ends interrupting the 

integration process (74). Finally, when the integration is blocked, the HIV DNA 
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becomes a substrate for host repair enzymes that convert this complex into a by-

product (75). The first INI that was approved by the FDA in 2007 was RAL (76). 

Since then, other three INIs have been also approved: elvitegravir (EVG) in 2012, 

DGT in 2013, and BIC in 2018 (10-12) (Figure 5). Besides, another INI was 

approved in Canada in March 2020 called cabotegravir (CAB) (77) (Figure 6) but 

it does not appear in GESIDA (78) or EMA (65) guidelines up to now. 
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Figure 5. Structure of the integrase inhibitors approved in Spain. From 123rf.com (79). 



 

48 

 

 
Figure 6. Structure of cabotegravir. From Selleckchem.com (80) and 123rf.com (79).  

The discovery and development of these inhibitors were possible thanks 

to the demonstration of the existence of a nucleoprotein complex named 

intasome required for catalysis (81–83) and two independent IN enzymatic 

activities: 3-processing and strand transfer (84,85). This intasome consists of 

multimers of IN (INn) bound to the vDNA forming the stable synaptic complex 

(SSC). Within this complex two or three nucleotides are removed from the 3’ ends 

of the vDNA exposing the reactive 3’-hydroxyl groups and forming the cleaved 

synaptic complex (CSC). Then, intasome captures target deoxyribonucleic acid 

(tDNA) forming the target capture complex (TCC) and IN joins these processed 

groups with the phosphates on the opposing tDNA strands forming the strand 

transfer complex (STC) (86) Finally, the host cell DNA repair enzymes complete 

the process (87) (Figure 7). The INI developed up to now inhibit this second 

process through a β-diketo acid (DKA-β) in their pharmacophore which ligate the 

two catalytic Mg2+ ions in the enzyme (88).  

cabotegravir 
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Figure 7. Mechanism of action of INSTIs. From Jóźwik et al., 2020 (87). CSC (cleaved synaptic 
complex), INn (multimers of IN), INSTIs (integrase strand transfer inhibitors), SSC (stable synaptic 
complex), STC (strand transfer complex), tDNA (target DNA), TCC (target capture complex), 
vDNA (viral DNA). 

INSTIs are generally well tolerated. Besides, INSTIs have shown to be 

more efficient and also to trigger less resistance compared to other ARTs. This 

has been excellently reviewed by Yang et al., 2019 (89). However, some toxicity 

profiles such as neurological, weight gain, and gastrointestinal symptoms have 

been detected for this class of drugs (90–92). Finally, it is known that, despite 

therapeutic efficacy, some latent-infected cells keep the provirus integrated into 

their DNA, but without expressing viral proteins. These cells are known as 

“reservoirs” (93) and they contribute to low levels virus replication (94) and 

immune activation (95). Due to the mechanisms of action of INSTIs, it has been 

speculated that INSTIs could also reduce these reservoirs more than other ARTs 

(96–100). Thus, to sum up, INSTIs arise as the first regimen of choice in naive 

HIV-infected people, but they have also showed good results as “switch 

therapies” (89).  

F. Protease inhibitors 

PIs are complex molecules which inhibit HIV PR by binding to its active 

site (101,102) and, therefore, preventing the infection of new cells. In Spain, five 

PIs are available nowadays: atazanavir (AZT), darunavir (DRV), fosamprenavir 

(FPV), saquinavir (SQV), and tripranavir (TPV)) (60). These drugs are usually 

accompanied by a booster, either RTV or COBI. RTV is a potent inhibitor of the 

CYP3A4 isozyme, the primary enzyme involved in the metabolism of most PIs. 

On the other hand, COBI is an inhibitor of another isozyme of the CYP3A, and it 
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is only used to boost AZT or DRV. Thus, these drugs increases the absorption 

and the half-life of PIs (103). 

1.2. Microbiome 
1.2.1. Definition 

 More than 100 trillion microorganisms coexist and interact within the 

human body (104). This group of microorganisms is known with the term of 

“microbiota”, defined as the community of microorganisms inhabiting a specific 

environment, including bacteria (bacteriome), archaea, viruses (virome), and 

some other unicellular eukaryotes (105,106). On the other hand, the term 

“microbiome” refers to the genomic content of the microbiota (107). The human 

gut microbiome is about 200 times the number of genes in the human body (104) 

and, for this reason, humans are also referred to as “superorganisms” (52). There 

are lots of studies that have demonstrated that alterations in microbiota (mainly 

gut microbiota (GM)) play an important role in health and disease (108–110). 

Thus, GM has been considered an “essential organ” (111). Because of that, this 

Doctoral Thesis is focused on GM, although oral microbiota is also important in 

health and disease (112) and we will also address its study briefly. 

1.2.2. Composition, development, and 
establishment 

 The human bacteriome is mainly composed of four bacterial phyla: 

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria (113) distributed 

unequally along the human body. The gastrointestinal tract (GIT) harbours the 

vast majority of these bacteria in number and also in diversity, with about 25 phyla 

inside the stomach and 195 phyla inside the colon. Below is the mouth (about 56 

phyla), the skin (about 48 phyla), and the oesophagus (about 42 phyla). Finally, 

the vaginal bacteriome in women is composed of 5 different phyla (114) (Figure 
8). 
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Figure 8. Site-specific distribution of bacterial phyla in healthy humans. The area of the chart for 
each site represents the average number of distinct phylotypes per individual and the mean 
number of phylotypes per individual is shown in parentheses. From Dethlefsen et al., 2007 (114). 

Thanks to the international and collaborative project METAgenomics of the 

Human Intestinal Tract (MetaHIT) carried out in Europe and Asia, the human 

intestinal environment has been classified into three large groups or 

“enterotypes” according to the relative abundance of three genera: Bacteroidetes 

(enterotype 1), Prevotella (enterotype 2), and Ruminicocuss (enterotype 3) (115). 

However, others compositional models have been suggested recetly (116–118) 

and a debate still exists concerning this issue.  

 Microbiota development starts in early life, since during fetal life, the GIT 

is sterile due to the sterile uterine environment. However, some authors have 

shown that the fetal intestine may be in contact with microbes present in the 

swallowed amniotic fluid (119). After birth, the infant gut is influenced by different 

factors such as the type of birth (vaginal birth vs. caesarean), diet (breast milk vs. 
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formula milk and the passage from liquid to solid feed), sanitary conditions, the 

usage of antibiotics, and supplementation with prebiotics and/or probiotics (120–

122). Around 2.5-3 years of age, the microbiota presents an adult-like profile with 

a dense microbial population (123). However, this microbiota is not completely 

stable and can be influenced during life by genetic, epigenetic and environmental 

factors such as diet (dietary patterns based on the country of origin), use of 

antibiotics, and other life events (puberty, ovarian cycle, pregnancy, and 

menopause) (124,125). Because of that, microbiota presents a high 

interindividual variability (126). Finally, in older ages, microbiota becomes less 

diverse and is characterized by a higher Bacteroides to Firmicutes ratio, 

increases in Proteobacteria, and decreases in Bifidobacterium (123) (Figure 9). 

 
Figure 9. Development of the human microbiota and factors that modulate it in the different 
phases of the life. Original contribution made with PowerPoint.  
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1.2.3. Functions of gut microbiota 
1.2.3.1. Metabolism 

 GM affects energy harvest from diet and energy storage. This is due to the 

ability of some GM enzymes such as glycoside hydrolases and polysaccharide 

lyases to cleave glycoside linkages present in plant polysaccharides and dietary 

fibers (127,128). Specifically, these plant polysaccharides are metabolized to 

oligosaccharides and monosaccharides and subsequently fermented to short 

chain fatty acids (SCFAs), particularly acetate, propionate, and butyrate. Butyrate 

provides energy for cellular metabolism while acetate and propionate serves as 

substrates for gluconeogenesis and lipogenesis (129). Besides, GM influences 

lipid and cholesterol metabolism, through the conversion, for example, of bile 

acids into secondary acids affecting enterohepatic circulation, de novo synthesis 

of bile acids, emulsification, and cholesterol absorption (130). Finally, GM 

contributes to synthesize essential amino acids and vitamins (131,132), and is 

able to biotransform lots of xenobiotics -such as drugs- influencing their 

absorption and bioavailability (133) (Figure 10).  

1.2.3.2. Protective role 

 One of the most important functions of GM is to avoid the colonization of 

gut by exogenous and potentially harmful microorganisms. Some of the 

mechanisms involved in this protective role are direct competition for limited 

nutrients and modulation of host immune responses (134). Bacteria from the GM 

can inhibit the growth of their competitors by producing “bacteriocins” 

(antimicrobial peptides or proteins) (135). On the other hand, GM can regulate 

the development and function of different types of immune cells. Some species 

of Clostridia-related bacteria and Bacteroides fragilis are able to induce the 

development of steady-state Th17 lymphocytes and the activation of regulatory 

T cells (Tregs) (136). Besides, commensal microbiota can maintain host-

intestinal microbial T cell mutualism (137). Other examples of this protective role 

is showed by Bifidobacterium longum, which stimulates the production of 
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interleukin 10 (IL-10) and other proinflammatory cytokines such as tumor necrosis 

factor α (TNF-α) (138) (Figure 10). 

1.2.3.3. Trophic role 

 GM modulates the proliferation and differentiation of colonic epithelial cell 

through the production of SCFAs. Specifically, butyrate can influence gene 

expression and protein synthesis and, consequently, modify the microstructure 

of the small and large intestine, accelerating the maturation of the intestinal 

mucosa, inducing the repair of the intestinal mucosa, and reducing the apoptosis 

of enterocytes inside the small intestine (139) (Figure 10).  

1.2.3.4. Microbiota-gut-brain axis 

 The gut houses its own nervous system known as the enteric nervous 

system, which is in constant communication with the central nervous system 

(CNS). In this point, GM produce catecholamines, histamine, and other 

biologically neuroactive substances that can stimulate host neurophysiology 

either through the interaction with receptors in the enteric nervous system or 

entering into the portal and systemic circulation and interacting with receptors in 

the CNS (140,141). Recently, evidences have emerge about this microbiota-gut-

brain axis and its implication in several neurological diseases (such as Alzheimer 

disease (142)), but also in development, learning, memory, and behaviour 

(143,144) (Figure 10). 

1.2.3.5. Gut-liver axis 

 The gut-liver axis refers to the close anatomical and functional relationship 

between the gut and the liver. Some evidence has arisen indicating that gut-liver 

axis malfunction and, specifically, pathological bacterial overgrowth, intestinal 

dysbiosis, and increased intestinal permeability is a leading factor in the 

development and progression of non-alcoholic fatty liver disease (NAFLD), the 

most common chronic liver disease. Besides, NAFLD itself contribute also to gut 

dysbiosis (92) (Figure 10). 
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1.2.3.6. Other functions 

In recent years, other gut axis have been proposed, such as “gut-kidney” 

(145), “gut-heart” (146), and “gut-lung” axis (147). A recent study has also 

proposed the use of probiotics and prebiotics for the prevention or alleviation of 

COVID-19 because of the connection between the gut and the lung (“gut-lung 

axis”) (148) (Figure 10). 

 
Figure 10. Functions of the gut microbiota. Original contribution made with BioRender. 

1.2.4. Approaches for microbiota analyses 

 Before the development of next-generation sequencing (NGS) the 

identification of microbiota was challenging since most microbial communities 

were unculturable (149). Some of the technique used for microbiota studies were 

microscope visualization, staining, and cultivation (150). 

Then, techniques such as terminal-restriction fragment length 

polymorphism (T-RFLP), denaturing gradient gel electrophoresis (DGGE), and 
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temperature gradient gel electrophoresis (TGGE) appeared (151). Some 

examples of the use of these techniques for analysing microbiota are the 

following. T-RFLP (based on the presence of specific polymerase chain reaction 

(PCR) fragment lengths for individual genotypes after digestion with a restriction 

enzyme) was used to identify gut dysbiosis associated with necrotizing 

enterocolitis (NEC) in animal models suggesting a significant role for Clostridium 

in pathogenesis (152), whereas DGGE (used to separate a mixture of DNA 

fragments according to their melting point) showed that human gut microbiome 

was disrupted by antibiotic administration (153). Finally, TGGE (a form of 

electrophoresis in which temperature gradient is used to denature molecules as 

they move through either acrylamide or agarose gel) allowed the identification of 

a direct correlation between Sphingomonas with NEC in human infants (154).  

 Subsequently, the emergence of DNA sequencing technologies allowed a 

more precise and rapid taxonomic identification of individuals within complex 

microbial communities although these techniques were slow and expensive 

(151). The 16S ribosomal ribonucleic acid (rRNA) gene sequencing was originally 

performed by cloning the full gene into plasmid vectors, transforming it into 

suitable hosts (usually Escherichia coli) and sequencing it (155). These clone 

libraries were usually used to implement other methods like Southern blotting and 

in situ hybridization due to the high costs of sequencing (156).  

 Finally, more recent PCR-based massive parallel sequencing technologies 

(157) along with advancement in bioinformatics tools have allowed the 

obtainment of high throughput data. Thus, nowadays, one standard method for 

determination of gut microbiome composition is carried out by isolation of total 

DNA from samples, PCR amplification of regions universally conserved (16S 

rRNA gene in bacteria and 18S rRNA gene in fungi), and high-throughput 

sequencing of those amplicons. This technique eliminates the need for cloning 

genes, blotting RNA, and cultivation (151). However, is important to normalize 

sample storage, primer efficiency, PCR amplification conditions, sequences 

platform, bioinformatics pipeline, and protocols of DNA extractions in order to 

avoid the introduction of biases that could skew the results (158,159). Whole 
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genome sequencing (WGS) extends the information provided by shotgun 

sequencing (16S/18S sequencing) and allows the identification of other 

components of the microbiota such as viruses (viroma) and the discovery of 

information about gene content and metabolic pathways. However, viroma data 

is often omitted from compositional studies (151,160).  

 Nevertheless, the information provided by these previous techniques 

(metagenomic) represents only potential functions since genes identified may or 

may not be expressed. In fact, although scientists were initially focused on 

compositional studies (metagenomic), they gradually became more interested in 

functionality studies (metatranscriptomic) and in identifying networks within 

microbial ecosystems (metabolomic) (151). This is possible thanks to techniques 

such as chromatography, mass spectrometry (MS), and nuclear magnetic 

resonance (NMR) (161–163). 

1.2.5. Gut microbiota: focus on gut bacteriome 

 Under normal conditions, there is a homeostatic equilibrium within 

microbial communities, microorganisms, and host. The appearance of some 

perturbations can alter this balance producing dysbiosis (changes in composition 

and/or functionality of microbial communities). Fortunately, there is a threshold of 

perturbations that can be reversed by the resilience mechanisms of the organism 

(164). However, when these mechanisms are not enough to counteract the 

changes induced on GM, dysbiosis occurs and this could be due to a loss of 

certain microorganisms and/or an excessive growth of others, leading to a loss 

of microbial diversity and/or richness (165). In fact, alterations in microbiota can 

result from exposure to environmental factors such as diet, toxins, drugs, and 

pathogen microorganisms, among others.  

The main approach for studying changes in composition of the intestinal 

microbiota in relation to disease has mainly relied on the phylogenetic 

characterisation of the microbiota of diseased individuals in comparison with 

“apparently” healthy individuals. However, as it exists a great inter and intra-
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individual variation it is difficult to establish precise relations and it is also 

important to take into account that it is not clear if this phylogenetic changes are 

a cause or a consequence of a disease (166).  

There is growing evidence that dysbiosis of the GM is associated with the 

pathogenesis of both intestinal and extra-intestinal disorders (167). Among the 

intestinal disorders, it is interesting to cite inflammatory bowel disease (IBD), 

irritable bowel syndrome (IBS), celiac disease, and colorectal cancer (CRC). For 

example, in IBD, patients show a decrease in microbial diversity alongside a 

decrease in the relative abundance of Firmicutes and an increase in the relative 

abundance of Bacteroidetes and Enterobacteriaceae (168). Besides, it has been 

observed differences in the microbiota of Crohn’s disease (CD) and ulcerative 

colitis (UC), the most prevalent forms of IBD (169,170). On the other hand, 

changes in microbiota composition have been described in the different subtypes 

of IBS compared to healthy individuals (171,172). Celiac disease and CRC have 

been associated with increased diversity and richness of GM compared to control 

group (173–175). Moreover, among the extra-intestinal disorders are metabolic 

disorders such as obesity and type 2 diabetes (T2D). In obese humans, an 

increase in the relative abundance of Firmicutes and a decrease in the relative 

abundance of Bacteroidetes have been observed (109,176) and it have been also 

described a decrease in GM diversity (109,177). Besides, considering the role of 

GM in metabolism, it is reasonable to assume that the high-fat diet and the 

overconsumption of food responsible for the greater prevalence of obesity and 

T2D in the West induce alterations in host metabolism and immune homeostasis 

through changes in GM (166). It could be possible that the GM of obese 

individuals are more efficient in converting food into useable energy and in storing 

this energy in fat (109,178–180). Finally, GM dysbiosis has also been observed 

in CNS-related disorders, what could be related to the microbiota-gut-brain axis. 

For example, it is known that enteric infections can cause anxiety, depression, 

and cognitive dysfunction (181). Taking into account that all aforementioned 

diseases have a direct or indirect relationship with GM dysbiosis, it is perhaps no 

coincidence that gut disorders including IBD an IBS are common comorbidities 

of other disorders such as depression and anxiety (182,183). 
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1.2.6. Gut virome  

DNA and RNA viruses that constitute the “intestinal virome” are at least 

equivalent in number to bacterial cells (184), but on gut mucosal surfaces and 

within the mucosa layers they may outnumber bacterial cells twenty times (185). 

The human virome is composed of eukaryotic and prokaryotic viruses, including 

viruses that infect human cells, viruses that infect microbes (such as bacteria, 

fungi, and archaea), and plant viruses that are primarily derived from environment 

and diet (186). Gut virome could play an important role in the pathogenesis of 

disease, including IBD (187), Clostridioides difficile infection (188), obesity (189), 

diabetes (189), SARS-CoV-2 infection (190,191), liver diseases (192), CRC, as 

well as malnutrition (193). Besides, gut virome reconstitution has shown great 

potential as disease therapeutics through faecal microbiota transplantation, 

faecal virome transplantation, and phage therapy (188,194,195). 

1.2.6.1. Eukaryotic viruses 

 Eukaryotic viruses present in gut virome cover Picobimaviridae, 

Adenoviridae, Anelloviridae, and Astroviridae family members and species such 

as bocaviruses, enteroviruses, rotaviruses, and sapoviruses (196). Besides, it 

also include some disease-associated viruses such as herpesviruses, 

polyomaviruses, anelloviruses, adenoviruses, papillomaviruses, and others 

(197). However, despite the presence of these pathogenic viruses (pathobionts) 

most humans remain asymptomatic, so it has been suggested that these viruses 

have become part of the metagenome of normal individuals remaining dormant 

within the host (198,199). 

1.2.6.2. Bacteriophages 

 The human GIT contains about 1015 bacteriophages (phageome) (200). 

Phages can be categorized in two mainly groups: lytic or virulent phages,  

which use the host cell’s replication mechanism to produce more phages and 

then lysate the cell releasing phage virions, and lysogenic or temperate 
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phages, which incorporate their genetic material into the host cell as prophages 

an replicate with the cell (201) (Figure 11). Sometimes, the second type of 

phages do not integrate and exist as a circular or linear plasmid (202). It has 

recently discovered another group of bacteriophages, known as 

pseudolysogenic phages, which neither integrate into the host genome nor 

lysate the bacterial host cell (201). On the other hand, it is important to note that, 

recently, a group of DNA phages, called crAssphage, has been identified. 

CrAssphages are highly abundant in GM and they have been predicted to infect 

Bacteroides species (203), although its relevance is still unknown. 

 
Figure 11. Bacteriophage lytic and lysogenic cycle. From Vander et al., 2018 (204). DNA, 
deoxyribonucleic acid.  

1.2.6.3. Gut virome composition, development, and 
establishment 

 While our knowledge about composition and development of gut 

bacteriome is large, we have a little understanding of gut virome acquisition (197). 

The lack of viral like particles (VLPs) in the first faecal samples of new-borns 

seems to indicate that gut virome is acquired postnatally (205). About a week 

after born, VLPs numbers reach 108/g in faeces. These viruses proceed from 

dietary, maternal, and environmental sources (205). Then, gut virome develops 

in parallel with the bacterial component suffering different shifts (206). Later, in 
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adulthood, gut virome reaches a peak more or less stable in time (196,206). This 

adult gut virome is mainly constituted by bacteriophages from Myoviridae, 

Podoviridae, Siphoviridae, Inoviridae, and Microviridae families, double-stranded 

DNA viruses (Adenoviridae, Herpesviridae, Iridoviridae, Marseilleviridae, 

Mimiviridae, Papillomaviridae, Polyomaviridae, and Poxviridae families), single-

stranded DNA viruses (Anelloviridae and Circoviridae families) double-stranded 

RNA viruses (Picobimaviridae and Reoviridae) and single-stranded RNA viruses 

(Caliciviridae, Astroviridae, Virgaviridae, Picornaviridae, Retroviridae, and 

Togaviridae). Moreover, it can also contain pathogenic eukaryotic viruses such 

as rotavirus, norovirus, astrovirus, adenovirus, and enterovirus (197). On the 

other hand, it has been observed that eukaryotic viral richness is low in infancy 

and expand thereafter, whereas bacteriophage richness in greatest in early life 

and decreased with age in addition to suffer a marked shift towards an increased 

relative abundance of Microviridae (206). Besides, members of the 

Picornaviridae, Adenoviridae, Astroviridae, Anelloviridae, Reoviridae, and 

Caliciviridae families seem to be predominant in the infant but do not persist 

during early development (206,207).  

 Gut virome is more stable than gut bacteriome within individuals (208,209), 

and similarly, can be influenced by diet (210) and antibiotic use (211). 

Specifically, antibiotics enrich phages which encodes antibiotic resistance genes 

to the administrated antibiotic and to other related ones (212). 

1.2.6.4. Virome links with other components of the gut 
microbiome 

 Virome can influence bacterial evolution, diversity, and metabolism acting 

as a vehicle for horizontal gene transfer (196,200). Besides, it can trigger 

dysbiosis through four different mechanisms. In the “Kill the Winner” model, 

phages kill dominant commensal bacteria which are usually growing the fastest 

and reduce their number in the gut (197). This approach relies on opportunistic 

contacts and there is limited evidence of this occurring within the gut (213). The 

second mechanism, the “Biological Weapon” model, assume that commensal 
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bacteria use the phages as weapons to kill competing bacteria (197). The 

“Community Shuffling” model propose that environmental stress factors such as 

antibiotics, oxidative stress, and inflammation trigger the entrance of prophage 

into bacteria resulting in lytic infection and altering the balance between 

symbionts and pathobionts (197,214). Finally, the “Emerging New Bacterial 

Strain”, is based on the phages’ ability to transfer genes to bacteria modifying 

their phenotype (197).  

1.2.7. Oral microbiota 

 Oral microbiota is important in health and disease (112). Systemic 

conditions (and their associated treatments) could have an impact on oral health 

by reducing salivary flow and affecting the ecological balance of the oral 

microbiota (215). In this regard, oral microbiota has been revealed to be distinct 

from that found in other areas such as gut or skin (216). Besides, oral microbiota 

presents a high α-diversity but a low β-diversity, that is to say, the oral microbiota 

is very diverse, but the communities are quite similar between individuals 

(217,218). The analysis of oral microbiota through supra and subgingival plaque 

samples is often time-consuming (219,220). Because of that, saliva-based 

analysis has gained considerable attention since it is simple, inexpensive, and 

non-invasive (221–223). 

1.2.7.1. Oral microbiota composition, development, and 
establishment 

 The oral cavity becomes a major point of entry of microorganisms in the 

human body (224). The oral microbiota is composed by hundreds of microbial 

species including bacteria, viruses, archaea, fungi, and protozoa that coexist and 

interact in oral biofilms to maintain homeostasis (224–227). Thanks to the 

development of omics techniques, genome database specific to oral 

microorganisms have been developed, including the Human Oral Microbiome 

database (HOMD) (228) and the Core Oral Microbiome (CORE) database (229). 

Besides, the Human Microbiome Consortium has sequenced the genomes of oral 



 

63 

 

bacteria allowing the reduction of the number of unassigned reads in 

metagenomic analysis (230).  

Oral microbiota can be acquired from the birth canal, mother’s skin, air, 

food, water, and other fluids, but saliva (from the mother or from other individuals 

in close contact) is the main route (231). Besides, the mode of delivery has been 

associated with specific oral microbiome patterns in 3- to 6-month-old infants 

(232). 

 The diversity of the oral microbiota increases during the first months of life, 

being the main pioneer oral bacterial species Streptococcus salivarius, 

Streptococcus mitis, and Streptococcus oralis. These early colonizers are 

followed by gram-negative anaerobes such as Prevotella melaninogenica, 

Fusobacterium nucleatum, and Veillonella spp. Then, at the time of teeth 

eruption, bacterial species such as Streptococcus sanguinis begin to colonize the 

oral cavity (233). Finally, from the first month of life to the adulthood, the oral 

microbiota becomes more diverse being very influenced by environmental factors 

such as diet (234).  

1.2.7.2. Oral microbiota dysbiosis 

 The most abundant members of the oral microbiota are commensal 

microorganisms beneficial for oral health, but pathogens also co-exist in a 

symbiosis state providing some kind of “colonization resistance” and 

downregulation of damage helping to maintain the normal development of host 

tissues and defences (235). However, constant changes in the environment can 

disturb these symbiotic interactions between microbe-microbe and microbe-host 

and trigger dysbiosis, which is characterized by the outgrowth of pathogens and 

the increased risk of disease development (236). In this context, untreated dental 

caries is the most common disease. In fact, severe periodontitis is the sixth most 

common disease affecting humans globally (237). Moreover, increasing evidence 

shows that oral bacteria may spread and be associated with infections in other 

parts of the body (238) such as the brain in Alzheimer disease (239). 
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1.2.7.3. Oral and gut microbiota interactions 

 It has been recently showed that there is an ongoing direct migration of 

bacteria from the mouth to the gut even in healthy individuals (240). In most 

individuals, there is no apparent clinical consequences of this migration, and this 

may be a necessary mechanism to shape the GM. However, some oral bacteria 

appear to cause gut inflammation (241–243), and multiple clinical studies have 

associated the presence of “oral” bacteria in the gut with inflammatory diseases 

(244–246) such as HIV infection (247,248). 

1.3. HIV infection and microbiota 
1.3.1. Role of bacterial translocation and chronic 

inflammation in HIV infection 

 Life expectancy in HIV-infected people has significantly increased thanks 

to the improvement in clinical management and, specially, by the extended use 

of ART. Indeed, HIV infection is considered a chronic disease, although life 

expectative is not as long as that observed in non-infected people or general 

population (49). This fact has been associated with premature and accelerated 

aging (inflammaging), among other factors (249). The acceleration of the aging 

process leads to immunosenescence, which is characterized by a continuous 

activation of the immune system and a low-grade chronic inflammation (250). 

Thus, HIV patients are predisposed to co-morbidities and natural aging 

symptoms more frequently seen in elderly people. Therefore, HIV patients have 

higher rates of cardiovascular disease (CVD), mainly atherosclerosis, and also 

non-AIDS (acquired immune deficiency syndrome) cancers, frailty (loss of muscle 

mass, osteoporosis, and muscle weakness), kidney and/or liver diseases, and 

neurologic complications such as dementia, compared to uninfected subjects of 

the same age (251–257).  

HIV infection is characterized by a set of structural changes of the gut 

epithelial barrier, immunological shifts, and modifications in the composition and 
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functionality of the GM. In normal physiological conditions, the microorganisms 

are in the intestinal lumen interacting with the intestinal cells in a state of 

symbiosis but, when HIV infection occurs, depletion of lymphocytes T CD4+ takes 

place in the GALT. Besides, although lymphocytes T CD4+ represent the most 

affected cells during HIV infection (258), other cell types are also infected during 

HIV infection. In fact, an altered functionality of lymphocytes T CD8+ (cluster of 

differentiation 8), lymphocytes B, and innate immune cells have also been 

observed (259,260). Concerning lymphocytes B, an hyperactivation and a 

dysregulation lead to altered antibody production during HIV infection (261). DCs 

are also altered (262–264) and macrophages show a reduced capability for 

phagocytosing bacterial products in addition to be targets for HIV infection 

(265,266). All these facts are accompanied by a rupture of the integrity of the 

epithelial barrier, as mentioned before, due to the appearance of focal breaches, 

a decreased expression of epithelial repair tight junction genes, and an increased 

permeability (265,267–269). This rupture of the epithelial barrier during HIV 

infection triggers alterations in the intestinal lumen and also in the composition of 

the microbiota (at least at bacteria level) (270). This dysbiosis favors the passage 

of microorganisms and their components to the lamina propria and, hence, to the 

circulation, which is known as bacterial translocation (BT) (265,266,268,271–

294) and which undergoes subsequent intestinal and systemic inflammation 

(295) (Figure 12). It is interesting to point out that SIV-infected natural host do 

not develop AIDS despite high levels of virus replication and do not show 

evidence of BT, which might explain the lack of immune activation and disease 

progression in these animals (272,296). In addition, external administration of 

bacterial products in these natural host induces immune activation, increase viral 

load, and trigger the depletion of lymphocytes T CD4+ (297). Thus, the 

importance of BT in immune activation and disease progression is corroborated. 



 

66 

 

  

Figure 12. A
) G

ut hom
eostasis. B

) G
ut dysbiosis after H

IV infection. From
 Pérez-M

atute et al., 2017 (298). C
D

4 (cluster of differentiation 4), C
D

8 (cluster 
of differentiation 8), H

IV (hum
an im

m
unodeficiency virus), IgA (im

m
unoglobulin A).  



 

67 

 

Specifically, BT was firstly described in HIV-infected patients in 2006 by 

Brenchley et al. (272). As mentioned above, bacterial products such as 

lipopolysaccharide (LPS) induce a significant increase of proinflammatory 

cytokine production via toll-like receptors (TLRs) contributing to immune 

activation and inflammation (299). TLRs are transmembrane receptors 

expressed in numerous cell types that play an important role in the mechanism 

of innate immunity of the intestinal epithelium, recognizing bacterial, viral, 

parasites or self-derived ligands, initiating several signalling cascades, and 

inducing the synthesis and release of factors related to inflammation such as 

TNF-α, interleukin 1 (IL-1), and interleukin 6 (IL-6) (300). In normal physiological 

conditions, TLRs play a pivotal role in the regulation of intestinal inflammation 

and immune tolerance inducing a basal state of activation which ensures mucosal 

homeostasis (300). However, after exposure to physiological stressors such as 

remote infection, changes on GM composition or high concentration of LPS, an 

increased TLR activity occurs, which induces the release of proinflammatory 

cytokines, triggers apoptosis and inhibits intestinal repair, which damages the 

epithelial layer (300). These effects may be initiated but also propagated by the 

TLR-activated leukocytes (300).  

In this context, soluble cluster of differentiation 14 (sCD14) and soluble 

cluster of differentiation 163 (sCD163) are two clusters of differentiation that act 

as indicators of BT. sCD14 is secreted by activated monocytes (by proteolytic 

processing) after the join of LPS to toll-like receptor 4/MD-2 (TLR-4/MD-2) 

complex mediated by lipopolysaccharide binding protein (LBP) and membrane 

cluster of differentiation 14 (mCD14). sCD14 can join, in turn, to more LPS and 

transfer it to mCD14 triggering the activation cascade of a greater number of 

monocytes (301) (Figure 13). On the other hand, cluster of differentiation 163 

(CD163), expressed in monocytes, has also two forms, membrane cluster of 

differentiation 163 (mCD163) and sCD163. mCD163 is responsible for the 

removal of plasma hemoglobin through endocytosis of the very high-affinity 

complex hemoglobin–haptoglobin, thus, preventing the oxidative stress triggered 

by free hemoglobin through the release of the free iron, bilirubin, and carbon 

monoxide. Moreover, sCD163 acts in the immune system but its role has not 
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been clearly defined, up to now. Its plasma levels are elevated in pathologies 

such as diabetes, obesity, liver disease, and atherosclerosis, all of them 

characterized by a low-grade inflammation (302). Regarding HIV-infection, only 

one study has reported a statistically significant relationship between the levels 

of sCD14 and sCD163 and new atheromatous plaque formation in HIV patients 

(303).  

 
Figure 13. sCD14 pathway. Original contribution made with PowerPoint. LBP (lipolysaccharide 
binding protein), LPS (lipopolysaccharide), mCD14 (membrane cluster of differentiation 14), 
sCD14 (soluble cluster of differentiation 14), TLR-4 (toll-like receptor 4). 

Finally, as a consequence of this increased BT and innate cell activation, 

systemic levels of proinflammatory cytokines such as interferon α (IFN-α), IL-1, 

IL-6, interleukin 18 (IL-18), and TNF-α are observed (263,304). All these 

processes triggered by HIV infection -even under ART- constitute what is called 

as “persistent chronic immune activation” (305) and the degree of this immune 

activation is very important because it represents the strongest correlation with 

disease progression, morbidity, and mortality (305–310). In addition, this state of 

chronic inflammation that persists in HIV infection despite ART is also associated 

with different disorders that limit the quality of life of these patients, such as the 

cardiovascular events.  

In this context, it is of great interest the relation observed between very 

high levels of trimethylamine N-oxide (TMAO), produced by GM, and the 

development of future cardiovascular events such as atherosclerosis, as has 

been recently recognised in non-HIV-infected patients (311–316). In fact, 
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elevated blood levels of TMAO are associated with worse outcomes in patients 

with CVD, such as coronary artery disease or heart failure, and with higher 

mortality (312,316–320). TMAO derives from choline (vitamin B), carnitine and 

betaine (trimethylglycine) that are present in diet (mainly in milk, red meat, fish, 

vegetables, and mushrooms) and that are degraded by the action of 

trimethylamine (TMA) lyases present in GM producing TMA. TMA is subsequently 

processed by hepatic monooxygenases leading to TMAO (Figure 14). In HIV 

patients, several studies have also demonstrated the relation between TMAO and 

cardiovascular events (321–324). In one of these studies, high levels of TMAO 

were significantly associated with an increased risk of plaque incidence in the 

carotid artery (324). Furthermore, levels of TMAO were associated with higher 

levels of sCD14 and sCD163 (324). Other study demonstrated an independent 

association between higher TMAO concentrations and higher cardiovascular risk 

and between higher TMAO concentrations and multimorbidity (presenting ≥3 

comorbidities) in HIV-infected patients (325). In contrast, in the study from 

Haismman et al., 2017, no differences in TMAO blood levels were observed 

between naive and ART-treated HIV patients, although high levels of its 

precursors, carnitine and betaine, were increased in untreated HIV patients 

compared to treated ones (326). It will be necessary to ensure if the lack of 

differences observed in that study between naive and ART-treated people could 

be explained by diet. Thus, if diet were similar among both groups, it could be 

suggested that GM composition and/or functionality is different among both 

groups in terms of the ability to metabolize TMAO’s precursors. In addition, the 

lack of differences observed in this study did not discard a significant increased 

cardiovascular risk in HIV-infected patients. In fact, other biomarkers of CVD 

should also be analysed since a very recent study has failed to find a strong 

association between TMAO, gut dysbiosis, and inflammation in HIV infection 

(327).  
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Figure 14. Processing pathway of choline, carnitine, and betaine from diet to produce TMAO and 
clinical effects of TMAO. Original contribution made with BioRender. TMA (trimethylamine), 
TMAO (trimethylamine N-oxide). 

1.3.2. Gut bacteriome composition in HIV infection  

 GM dysbiosis (focused on bacteriome) has been associated with the 

deleterious events that take place in gut during HIV infection and that are 

associated with a low-grade of chronic inflammation and immunosenescence 

(described before). Specifically, HIV infection has been associated with a 

reduced bacterial diversity in gut (328–330), although other studies did not find 

differences in bacterial diversity between naive patients, ART-treated patients, 

and controls (248,331–333). Thus, more studies are required in this field. On the 

other hand, several studies have reported a characteristic profile in naive patients 

compared to a general population with a depletion in Clostridia class an 

Bacteroides spp, an overgrowth of Enterobacteriaceae, and an increase in the 

genus Prevotella (334). In this regard, a lower abundance of several Bacteroides 

species has been observed to impair the functions of natural killer (NK) cells, 

which limit BT and chronic immune activation (335). Besides, a study reported a 

greater abundance of Proteobacteria phylum (which promote inflammation) and 
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a lower abundance of Bacteroidia class (which limit inflammation) in naive 

patients, which has been linked to an increased T cell activation, a lower secretion 

of interleukin 17 (IL-17) and interleukin 22 (IL-22), and a higher presence of 

inflammatory markers (248). Among the Firmicutes phyla, whose abundance 

seems to be decreased in naive patients (331), Faecalibacterium prausnitzii has 

arisen as a very interested candidate because it is an obligate anaerobe 

belonging to Lachnospiraceae family, which has anti-inflammatory properties and 

whose depletion has been reported during HIV infection (328,329,331). 

Moreover, the reduction in the amount of other protective bacteria such as 

bifidobacteria and lactobacilli has been reported in naive patients compared to 

general population (336). Recent studies have also highlighted the influence of 

sexual orientation and mode of transmission in the composition of GM in HIV-

infected patients (337–339). It is worth pointing out that this GM dysbiosis 

triggered by HIV infection cannot be fully reversed by ART. In fact, very few 

studies have analyzed the effects of different ART therapies on BT and GM 

composition. In this context, a previous study from our group carried out with a 

small number of patients under INSTIs (RAL) showed levels of inflammation and 

BT similar to uninfected controls and a significant improvement in GM richness 

(270). Another issue to consider when investigating what is happening at gut level 

in HIV infection is the metabolic pathways by which GM could influence HIV 

immunopathogenesis. In this context, it has been revealed that the microbiota 

associated with HIV-infected individuals is enriched in genes involved in several 

pathogenic processes such as LPS biosynthesis and, on the contrary, associated 

with depletion of genes involved in amino acid metabolism and energy processes 

(248), some of the process in which GM has an important role as has been 

described before.  

1.3.3. Virome composition in HIV infection 

There are very few studies focused on the effects of HIV infection and 

ARTs on gut virome. These studies have been carried out in different matrix such 

as plasma, semen, cervix, saliva, and faeces, which complicates to extract 
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general conclusions. Next, we summarize the most relevant results of these 

different studies. 

1.3.3.1. Plasma virome of HIV-infected patients 

In 2012, Li et al. compared the plasma virome (only DNA viruses) of naive 

patients (4 males and six males with 36 ± 7 years) with that of a control population 

(non-infected) (6 males and 5 females with 24 ± 3 years) through whole genome 

amplification (WGA) using Illumina Solexa sequencing (340). They observed that 

the HIV/AIDS plasma virome was dominated by bacteriophages (85.51% of total 

plasma virome) and human endogenous retroviruses (HERVs) K (14.34% of total 

plasma virome). HERVs are remnant of gene line retroviral integration (341) and 

are generally considered functionally defective but it has been observed higher 

levels in autoimmune disorders, malignancies, and HIV infection (342,343). 

HERV K represents the more recently integrated and active group and it has been 

extensively associated to HIV infection (343–346). Besides, the bluetongue virus, 

which infects ruminants (347,348), was also found contributing to 1.15% of the 

plasma total virome. Among phages, the most abundant one was Bacteriophage 

(40.97% of total plasma virome), followed by Enterobacteria phage (25.75% of 

total plasma virome) and Pseudomonas phage (17.79% of total plasma virome). 

In contrast, in the control population the dominant group of viruses was Torque 

teno virus (TTV) (87.20% of total plasma virome), followed by Torque teno midi 

virus (TTMDV) (10.12%), SEN virus (2.03% of total plasma virome) and small 

anellovirus (0.65% of total plasma virome). 

 A few years later, in 2013, Li et al. analysed the DNA and RNA virome in 

the plasma of HIV-infected patients with low (<200 cells/µl) versus high (>700 

cells/µl) lymphocytes T CD4+ (35 patients between both groups) through MiSeq 

platform (349). The plasma virome of HIV subjects contained viral sequences 

from HIV, GB virus C (GBV-C), hepatitis B virus (HBV), hepatitis C virus (HCV), 

anellovirus, and HERVs. Coinfection with GBV-C is common among HIV-infected 

people and has been linked with slower disease progression, lower mortality rate, 

and longer survival (350,351). On the other hand, anelloviruses, which have not 
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been associated with human disease (352), seemed to be higher in the low-CD4+ 

group than in the high-CD4+ group, suggesting an imbalance in the control of 

anellovirus replication.  

 In 2016, Li et al. analysed the plasma virome of ART-treated HIV-infected 

patients (19 patients; age range 37-57 (mean 47.8 ± 5.1 years) with a 

male/female ratio of 17/2) using MiSeq platform (353). The anellovirus sequences 

were identified in all 19 individuals and sequences of HVB, HCV, and GBV-C 

were also detected. The anelloviruses reads showed no significant association 

with either lymphocytes T CD4+ or CD8+ or the percentage of activated 

lymphocytes T CD4+ or CD8+ (HLA-DR+ CD38+ CD3+), so they seem not to 

have an important role in T-cell activation. Among anellovirus sequences, the 

Alphatorquevirus group 3 (18 strains detected in 9 individuals) was the most 

prevalent one, followed by Betatorquevirus (8 strains detected in 5 individuals) 

and Alphatorquevirus group 1 (6 strains detected in 6 individuals). 

 Finally, in 2021, Liu et al. analysed the plasma virome of naive and ART-

treated HIV-infected men who have sex with men (MSM) (22 HIV- MSM, 30 HIV+ 

naive MSM with CD4>200, 20 HIV+ naive MSM with CD4<200 and 29 HIV+ ART-

treated MSM; age range 23-43) compared to HIV- MSM (22 individuals) and non-

MSM as controls (20 individuals) using NovaSeq platform (354). Most clean reads 

were unclassified (~57%) and viral reads accounted for ~10% of cleaned reads. 

The plasma virome of these participants were dominated by eukaryotic viruses 

(98.0% of total viral reads), followed by bacteriophages (1.7% of total viral reads) 

and unclassified viruses (0.3% of total viral reads). Eleven eukaryotic viral 

families were detected, including DNA viruses Anelloviridae, Hepadnaviridae, 

Genomoviridae, Papillomaviridae, Adenoviridae, Circoviridae, and 

Herpesviridae, and RNA viruses Flaviviridae and Picornaviridae. Besides HIV-1 

(identified in 65 out of 71 HIV + samples), the most frequently detected viruses 

from these individuals included anellovirus, pegivirus, HBV, HCV, and HERVs. 

Other viruses included papillomavirus, influenza virus, α-herpesvirus, 

adenovirus, and gemykibivirus. Compared to non-MSM individuals, MSM did not 

show changes in overall plasma viral reads. However, HIV infection significantly 



 

74 

 

increased the abundance of plasma viral reads. Besides, although the viral 

abundance of individuals receiving ART was higher than that of HIV- MSM, ART 

successfully controlled the shedding of different viruses. Moreover, HIV infection 

led to a decrease in phage abundance and increase in eukaryotic virus 

abundance and ART usage could restore the virome profile towards that of HIV- 

individuals. Finally, compared to non-MSM, MSM had a lower abundance of 

allenovirus, and HIV infection increased its abundance, while ART could 

decrease it. On the other hand, compared to non-MSM, MSM had a higher 

abundance of pegivirus, and HIV infection decreased its abundance.  

1.3.3.2. Semen virome of HIV-infected patients 

In 2020, Li et al. investigated the semen virome of 13 samples from naive 

HIV-infected samples and 36 from ART-treated HIV-infected MSM using Illumina 

MiSeq (2x250 base pairs (bp)) (355). Members of four families of eukaryotic 

viruses were detected: anelloviruses, cytomegalovirus (CMV), papillomavirus, 

and HIV. Samples with plasma CD4 counts less than 350 cells/µl had higher 

detection rate for anellovirus, CMV, and human papillomavirus (HPV) than those 

with CD4 counts higher than 350 cells/µl, although it was not statistically 

significant (35.8% vs. 20%, p=0.27). Samples with detectable plasma HIV viremia 

and naive patients (not on ART) also had higher detection rate of these viruses 

(43.7% vs. 15.4%, p=0.04; and 42.8% vs. 17.8%, p=0.08; respectively).  

1.3.3.3. Cervix virome of HIV/HPV coinfected women 

In 2019, Siqueira et al. studied the cervix DNA virome of 19 HIV/HPV 

coinfected women (with a mean age of 28 years) at three time points: second 

trimester of pregnancy (timepoint A) and at six (timepoint B) and 12 months 

(timepoint C) after delivery (356). The sequencing was carried out through 

Illumina HiSeq 2500. The four viral families more representative were 

Papillomaviridae (86% of the reads), Anelloviridae (12% of the reads), 

Genomoviridae (2% of the reads), and Herpesviridae (0.06% of the reads). The 

normalized number of anellovirus reads per total reads showed a statistically 



 

75 

 

significant negative correlation with lymphocytes T CD4+ counts (r=-0.499, 

p=0.03) in addition to the normalized number of anellovirus reads per virus reads 

(r=-0.490, p=0.033) and the percentage of anellovirus reads (r=-0.525, p=0.021). 

Besides, 41 different HPV types were identified belonging to the 

Alphapapillomavarius genus. 

1.3.3.4. Salivary virome of HIV-infected patients 

Only one study has been carried out focused on salivary virome and it has 

been developed in HIV-infected MSM. Thus, in 2021, Guo et al., analysed the 

salivary DNA virome of HIV-infected MSM without treatment (naive) using a 

Illumina platform (357). The participants were split into 5 groups: non-infected 

(control group) (n=5), HIV RNA positive but HIV antibody negative (stage 0) 

(n=5), CD4>500 cells/µl (stage 1) (n=5), CD4 between 499 and 200 cells/µl (stage 

2) (n=5) and CD4<200 cells/µl (stage 3) (n=5). In summary, 43 genuses were 

detected in all groups, and each group had its unique virus genus, except from 

stage 3 group (Luz24likevirus and Felixounalikevirus for stage 0 group, 

Epsilonretrovirus, Phifllikevirus, Spbetakilevirus, and Rhadinovirus for stage 1 

group, Simplexvirus for stage 2 group, and Chilikevirus for control group). 

Besides, stage 1 group was more similar to control group, whereas stage 2 group 

was more similar to stage 3 group. The analysis of differential abundance 

revealed that the unique Lymphocryptovirus was significantly enriched in the 

stage 3 group (LDA value=5.32441, p=0.00859), Retroviridae (LDA 

value=4.58279, p=0.01227), Hpunakilevirus (LDA value=4.35265, p=0.01666), 

Roseolovirus (LDA value=4.310001, p=0.01036), and Mimivirus (LDA 

value=5.05485, p=0.01391) were more abundant in the stage 0 group and, finally, 

Pbunalikevirus (LDA value=4.37982, p=0.03503) and Schizot4likevirus (LDA 

value=4.09366, p=0.04403) showed lower abundances in HIV-infected groups 

compared to control group. 



 

76 

 

1.3.3.5. Faecal virome of HIV-infected patients  

In 2016, Monaco et al. studied the enteric DNA virome of HIV-infected 

naive patients (n=23), HIV-infected ART-treated patients (n=21) and HIV-

negative subjects (n=21) using an Illumina MiSeq platform (358). In general, 

sequences were most frequently assigned to bacteriophages of Caudovirales 

order or Microviridae family, to several eukaryotic viruses such as Adenoviridae 

and Anelloviridae, and to “unclassified” viruses. However, there were no 

statistically significant differences between the control group and HIV-infected 

patients for Adenoviridae, Anelloviridae, Circoviridae, and Papillomaviridae 

sequences. Regarding Adenoviridae, more sequences were observed in HIV-

infected patients with CD4<200 cells/µl compared to the controls or HIV-infected 

patients with CD4>200 cells/µl (p=0.0026), but there were no significant 

differences based on therapy (p=0.0754). Moreover, Anelloviridae sequences 

significantly differed by both CD4 counts (p=0.0239) and treatment status 

(p=0.0282). Specifically, samples from HIV-infected patients with CD4<200 

cells/µl were more likely to contain Anelloviridae sequences compared to HIV-

infected patients with CD4>200 cells/µl (p=0.0238), but there were no significant 

differences between HIV-infected patients with CD4<200 cells/µl and control 

group (p=0.0990). Besides, Circoviridae was the most frequently detected 

eukaryotic virus (present in 75% of all samples), but there were no statistically 

significant differences in the number or prevalence of Circoviridae sequences by 

CD4 counts (p=0.4530 and p=0.8746, respectively) or treatment status 

(p=0.3984). Finally, Papillomaviridae sequences were found in 23% of the 

samples, but were not differentially represented based on CD4 counts (p=0.1115 

and p=0.1253, respectively) or treatment status (p=0.5552). On the other hand, 

there were no significant differences in Richness or Shannon index of 

bacteriophage families or genuses by HIV-infection, CD4 counts, or treatment 

status. Furthermore, there were no significant correlations between 

bacteriophage and bacterial richness and diversity. 

Thus, as can be observed in Table 2. , only one study has investigated the 

impact of HIV infection and ARTs on gut virome, and it has only focused on DNA 
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viruses. Because of that and seeing that HIV infection has a potent effect on the 

intestine, more studies are needed in this regard. 

Table 2. Studies focused on the effects of HIV infection and ARTs on gut virome. 

ART (antiretroviral treatment), HIV (human immunodeficiency virus). 

1.3.4. Oral bacteriome composition in HIV infection  

Along with gut alterations and subsequent systemic disturbances, HIV 

infection has also been associated with a variety of oral manifestations. 

Interestingly, oral microbiota seems to play a key role on such alterations 

(37,298,359). Opportunistic oral infections are common among HIV-infected 

people and have been linked to deteriorated immune function and weight loss 

(360–362). Some of these oral manifestations linked to oral microbiota are oral 

candidiasis, HIV salivary gland disease, HPV-associated oral lesions, 

Author Sample Control 
(number) 

HIV+ 
naive 

(number) 

HIV+ 
ART 

(number) 

Does HIV 
alter gut 
virome? 

Is ART able 
to restore 

gut virome? 
Monaco et 
al., (2016)  

Stool 21 23 21 Yes Partially 

Li et al., 
(2011) 

Plasma 11 10 - Yes - 

Li et al., 
(2013)  

Plasma - 35 - - - 

Li et al., 
(2016)  

Plasma - - 19 - - 

Liu et al., 
(2021)  

Plasma 42 50 29 Yes Partially 

Guo et al., 
(2021)  

Saliva 5 20 - Yes No 

Li et al., 
(2020)  

Semen - 13 36 - Partially 

Siqueira et 
al., (2019)  

Cervix - 19 -   
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xerostomia, and ulcerations (363). Besides, ART itself can increase oral microbial 

translocation due to the inhibition of epithelial cell repair (364) and proliferation 

(365).  

 Li et al., 2014 reported that in comparison to HIV-negative individuals, HIV-

infected patients had higher levels of total cultivable microbes in saliva, including 

streptococci, Streptococcus mutants, lactobacilli, and Candida (359). Again, Li et 

al., 2021 showed that α-diversity of oral microbiota of naive patients was 

significantly decreased compared to control group whereas ART was not able to 

revert this effect. Comparing naive patients to the control group, it was observed 

an increased abundance of unidentified Prevotellaceae and a decreased 

abundance of several groups of bacteria such as Lactobacillus, Rothia, Lautropia, 

and Bacteroides. Besides, ART treatment triggered an increase in 

Bradhyrhizobium (366). On the other hand, Presti et al., 2018 reported that the 

most abundantly detected bacterial phyla in the saliva of naive patients were 

Bacteroidetes, Firmicutes, and Proteobacteria, with lower relative abundance of 

Fusobacteria, Spirochaetes, Actinobacteria, and Tenericutes. Following 24 

weeks of ART, the dominant phyla remained similar and there was no significant 

difference either in α or in β-diversity (367). Moreover, Imahashi et al., 2021 did 

not observe differences either in α or in β-diversity between controls, naive 

patients, and ART-treated patients. Besides, they described that the three major 

genera in the salivary microbes (Prevotella, Streptococcus, and Veillonella 

(359,367,368)) were not differentially abundant between the three groups (369).  
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2. HYPHOTESIS 

• HIV infection has become a chronic infection thanks to the use of 

ARTs. However, life expectancy of HIV-infected patients, although 

increased, it is not the same as that of the general population. This fact 

is probably due to a chronic inflammation state that persists in HIV-

infected patients despite ART. An altered GM favours BT and such 

chronic inflammatory state. 

• Several studies have demonstrated that HIV infection has a significant 

impact on gut and oral microbiota, specifically on bacteriome. However, 

no concluding studies have been developed concerning HIV infection 

effects on virome.  

• INSTIs-based treatments are the preferred choice for the treatment of 

naive patients. A previous work from our group (270) reported that HIV-

infected patients treated with these drugs (RAL) exhibited a gut 

bacteriome profile more similar to that of a control non-infected 

population, which suggests a healthier gut.  

Thus, the hypothesis of this Doctoral Thesis is that novel INSTIs-based 
treatments are able to restore the effects of HIV infection on GM (both 
bacteriome and virome), oral bacteriome, and markers of BT, inflammation, 
cardiovascular risk, and gut permeability.   
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3. OBJECTIVES 

 The main objective of this Doctoral Thesis was to deeply characterize GM 

composition (both bacteriome and virome) and oral bacteriome of HIV-infected 

patients in comparison with non-HIV-infected subjects, and to analyse the impact 

of INSTIs-based treatments.  

 More specifically, the objectives were as follows:  

1. To investigate the actions of INSTIs-based therapies on the 

state of chronic inflammation and increased BT induced by HIV 

infection compared to non-infected subjects. 

2. To assess the impact of HIV infection and INSTIs-based 

treatments on gut bacteriome compared to a non-HIV-infected 

population. 

3. To deeply analyse the impact of HIV infection and INSTI-based 

treatment on gut virome composition compared to a non-HIV-

infected population. 

4. To study the potential associations between gut virome and gut 

bacteriome composition in the studied populations.  

5. To evaluate the impact of HIV infection and INSTIs-based 

treatments on salivary bacteriome compared to a non-HIV-

infected population.  
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4. MATERIAL AND METHODS 
4.1. Patient recruitment 

 HIV-infected patients (naive and under ART) were recruited from the 

Infectious Diseases Department at Hospital Universitario San Pedro (HUSP) 

(Logroño, Spain) from March 2019 to February 2021. The group of HIV-infected 

ART-treated patients included HIV-infected patients in first line of treatment to 

avoid confounding effects due to previous treatments. Six of the naive patients 

correspond to six of the ART-treated patients recruited both before treatment and 

after one year of treatment. Treatment was based on INSTIs (DTG or BIC) with 

a backbone based on one or two NRTIs for at least one year and with viral load 

<20 copies/ml in the last six months (Table 3). All HIV-infected patients were 

immune responders. The presence of AIDS, mode of transmission, and 

coinfection with HBV and/or HCV were also registered. In case of coinfection, 

degree of liver fibrosis was evaluated by FibroScan® (Echosens, Paris, France) 

method. This method consists of the passage of a 50-megahertz wave through 

the liver from a small transducer placed in an intercostal space near the right love 

of the liver. This device measures the velocity of the wave (in meters per second) 

and determines the degree of liver damage. The more quickly the wave passes 

through the liver, the more liver damage shows the patient. The results of the 

measurements were converted to kilopascal (KPa) (370) and patients were 

classified according to the METAVIR scoring system (F0, no fibrosis; F1, portal 

fibrosis without septa; F2, portal fibrosis and few septa; F3, numerous septa 

without cirrhosis; F4, cirrhosis) (371). CD4+ T-cell, CD8+ T-cell counts, and viral 

load were measured using flow cytometry (NAVIOS EX, Beckman Coulter) and 

COBAS 6800 Analyzer (Roche Molecular Systems Inc., Branchburg, New 

Jersey, USA), respectively, as a clinical procedure in the HUSP. Healthy patients 

(non-HIV-infected patients) were also recruited as control group (n=26). Patients 

recruited during COVID pandemic did not report any symptoms related to COVID 

before the date of sample collection and were not vaccinated in the previous 

month of the enrolment. For both HIV-infected patients and controls, following 



 

84 

 

exclusion criteria were applied: <18 years, patients who do not sign the informed 

consent, pregnant women, individuals with inflammatory disease in the last 2 

months, patients treated with antibiotics*, anti-inflammatory drugs, 

immunosuppressive drugs, statins or probiotics in the last 2 months, individuals 

with renal insufficiency, patients with neoplasms, individuals with history of 

intestinal surgery (except from appendectomy or cholecystectomy), IBD, celiac 

disease, chronic pancreatitis, or any other syndrome related to intestinal 

malabsorption (270). Patients treated with statins were excluded because it was 

demonstrated that this therapy can cause gut dysbiosis (372,373). Finally, 

weight, height, waist circumference, systolic and diastolic pressure, alcohol 

consumption, and smoking habits were also registered from all participants.  

*Antibiotic therapy influences virome, not by affecting VLPs directly but by affecting the 

prokaryote host (374). 

Table 3. INSTIs-based treatments used in HIV-infected patients. 

INSTI Backbone Number of patients 

Dolutegravir 
Abacavir and lamivudine 10/15 (66.67%) 

Lamivudine 2/15 (13.33%) 

Bictegravir Emtricitabine and tenofovir alafenamide 3/15 (20.00%) 
HIV (human immunodeficiency virus infection), INSTI (integrase strand transfer inhibitor). 

 This study was performed following the Helsinki Declaration and was 

approved by the Committee for Ethics in Drug Research in La Rioja (CEImLAR) 

(28 February 2019, reference number 349). All participants provided their written 

informed consent. 
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4.2. Biochemical parameters, immunological 
analyses, and mass spectrometry 
approaches  

4.2.1. Plasma and serum preparation 
 Blood samples from HIV-infected patients were collected at HUSP while 

blood samples from control population were collected at Center for Biomedical 

Research of La Rioja (CIBIR) thanks to the help of the Head nurse from the Health 

Centre 7 Infantes de Lara. In all cases, individuals had 12 hours of fasting and 

two different commercial tubes were used in order to obtain plasma and serum 

from blood.  

 Plasma samples were collected in Vacutainer tubes treated with 

ethylenediamine tetraacetic acid (EDTA) (BD Vacutainer® spray coated K2EDTA 

Tubes). After collection, tubes were centrifuged 10 minutes at 3000g and 4oC to 

remove cells from plasma. Immediately, plasma was aliquoted in several 

Eppendorf tubes with micropipettes to avoid subsequent freeze-thaw cycles and 

was stored at -80oC for further analysis.  

Serum samples were collected in Vacutainer tubes (BD Vacutainer® Plus 

Plastic Serum Tubes) which contain a gel to help the separation of the clot. After 

collection, tubes were leaved 30 minutes at room temperature to allow the blood 

to clot and then, the clot was removed by centrifugation 10 minutes at 3000 g and 

4oC. Immediately, serum was aliquoted in several Eppendorf tubes with 

micropipettes to avoid subsequent freeze-thaw cycles and was stored at -80oC 

for further analysis.  

4.2.2. Biochemical parameters 

 Serum levels of glucose, triglycerides, total cholesterol, low density 

lipoprotein (LDL), high density lipoprotein (HDL), glutamic oxalacetic 

transaminase or aspartate aminotransferase (GOT/AST), and pyruvic glutamic 
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transaminase or alanine aminotransferase (GPT/ALT) were measured at HUSP 

using an AutoAnalyzer (Cobas C702, Roche, Madrid, Spain). 

4.2.3. Immunological assays: enzyme-linked 
immunosorbent assay and Luminex Screening 
Assay 

 To analyse markers of BT, inflammation, cardiovascular risk, and gut 

permeability from serum and faeces samples collected from HIV-infected patients 

and a healthy population, enzyme-linked immunosorbent assays (ELISAs) and 

Luminex Screening Assays were used. All these analyses were performed with 

commercially available kits and according to the manufacturer’s instructions.  

4.2.3.1. Enzyme-linked immunosorbent assay principle  

 ELISA is an immunological assay commonly used to measure antibodies, 

antigens, proteins, peptides, and glycoproteins in biological samples. In this 

Doctoral Thesis the quantitative sandwich enzyme immunoassays from Merck 

Millipore (Darmstadt, Germany) and from BÜHLMANN (Amherst, USA) have 

been used. In this type of ELISA, a specific antibody for the antigen of interest 

(capture antibody) is pre-coated onto a microplate. Then, standards and samples 

are pipetted into the wells and any antigen of interest present is bound by the 

capture antibody. After washing away any unbound substance, an enzyme-linked 

antibody specific for the antigen of interest (biotin-labelled detection antibody) is 

added to the wells. The next step is to remove any unbound detection antibody 

and, finally, a substrate solution is added to the wells. This substrate solution 

contains streptavidin-labelled horseradish peroxidase (HRP) (which binds to the 

biotin-labelled antibody) and its specific substrate. Colour is developed in 

proportion to the amount of antigen bound in the initial step. Colour development 

is stopped and its intensity is measured in a plate reader spectrophotometer at 

the wavelength indicated by the manufacturer (Figure 15) (375).  
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Figure 15. Illustration of how sandwich ELISA works. From Sigma-Aldrich webpage (376). ELISA 
(enzyme-linked immunosorbent assay), HRP (horseradish peroxidase).  

Analytes measured using enzyme-linked immunosorbent assay 

 ELISA was performed to determine the serum levels of insulin and two 

markers of intestinal integrity: intestinal fatty acid binding protein (iFABP) and 

calprotectin in HIV-infected patients and controls. Results were measured using 

a POLARstar Omega plate reader spectrophotometer (BMG LABTECH). The 

detailed information of the assay is summarized in Table 4.  

Table 4. Parameters measured using sandwich ELISA.  
Physiological 

relevance Analyte Sample Wavelength 

Glucose metabolism Insulin Serum without diluting 450 nm 

Gut permeability iFABP Serum diluted 1/250 450 nm 

Gut permeability Calprotectin Faeces diluted 1:7500 450 nm 
ELISA (enzyme-linked immunosorbent assay), iFABP (intestinal fatty acid binding protein). 

 The values of glucose (measured by AutoAnalyzer Cobas C702 (Roche, 

Madrid, Spain) and insulin levels were used to calculate the “homeostasis model 

assessment insulin resistance index” (HOMA-IR) as follows, according to the 

report by Matthews et al., 1985 (377). 
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𝑯𝑶𝑴𝑨 − 𝑰𝑹 𝒊𝒏𝒅𝒆𝒙 =
𝒇𝒂𝒔𝒕𝒊𝒏𝒈 𝒈𝒍𝒖𝒄𝒐𝒔𝒂 (

𝒎𝒈
𝒅𝒍

) × 𝒇𝒂𝒔𝒕𝒊𝒏𝒈 𝒊𝒏𝒔𝒖𝒍𝒊𝒏 (
𝒎𝑼

𝑳 )

𝟒𝟎𝟓
 

4.2.3.2. Luminex Screening Assay principle 

 A Luminex assay is a type of immunoassay that precisely measures 

multiple analytes in one sample. The Luminex® xMAP® technology is a bead-

based immunoassay that allows the detection of up to 100 analytes 

simultaneously. Color-coded microspheres (beads) are internally dyed with 

different proportions of red and infrared fluorophores that correspond to a distinct 

spectral signature, or bead region. The quantification of multiple cytokines and 

other biomarkers in a sample provides critical information about biological 

processes and diseases (378).  

 Antibodies specific to a desired analyte are coupled to a unique bead 

region and are incubated with sample. After washing away unbound materials, 

samples are incubated with a mixture of biotinylated detection antibodies and a 

streptavidin-phycoerythrin (PE) reporter. Using a Luminex instrument, beads are 

excited by one laser (red) to determine the bead region and corresponding 

assigned analyte. Another laser (green) determines the magnitude of the PE-

derived signal, which is proportional to the amount of analyte bound. Multiple 

readings are taken at each bead region, ensuring robust detection (378) (Figure 
16). 
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Figure 16. Illustration of how Luminex assay works. From R&D webpage (378). PE 
(phycoerythrin).  

Analytes measured using Luminex Screening Assay 

Luminex was performed to determine the levels of several markers of BT 

(sCD14 and LBP), inflammation markers (IL-6, interleukin 1β (IL-1β), TNF-α, and 

monocyte chemoattractant protein 1 (MCP1)) and cardiovascular risk markers 

(intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 

(VCAM-1), and plasminogen activator protein 1 (PAI-1)) in serum of HIV-infected 

patients and control population. Results were measured using a Luminex® 

FLEXMAP 3D® (R&D Systems) located in HUSP. The detailed information of the 

assays is summarised in Table 5.  
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Table 5. Parameters measured using Luminex assay.  

BT (bacterial translocation), ICAM (intracellular adhesion molecule 1), IL-1β (interleukin 1β), IL-6 
(interleukin 6), LBP (lipopolysaccharide binding protein), MCP-1 (monocyte chemoattractant 
protein 1), PAI-1 (plasminogen activator protein), sCD14 (soluble cluster of differentiation 14), 
TNF-α (tumour necrosis factor α), VCAM-1 (vascular cell adhesion molecule). 

4.2.4. Mass spectrometry techniques  
4.2.4.1. Analysis of trimethylamine N-oxide  

 TMAO was measured from serum samples of both HIV-infected patients 

and control population in the Institute of Grapevine and Wine Sciences (ICVV) 

(Logrono, Spain). 

 Firstly, 150 µl of serum were mixed with 500 µl of methanol containing 

internal standard (TMAO D6 0.1 ppm) in a 1.5 ml Eppendorf tube. Secondly, the 

mixture was vortexed for 30 seconds and centrifuged 20 min at 9000 rpm. Then, 

the supernatant was transferred to another 1.5 ml Eppendorf and 500 µl of MiliQ 

water was added. Finally, the sample was vortexed for 10 seconds and filtered 

with a 0.22 µm polyvinylidene fluoride (PVDF) filter over a 12x32 mm glass screw 

neck vial. 

 TMAO in samples was quantified by Ultra Performance Liquid 

Chromatography (UPLC, Nexera Shimadzu) coupled to a triple quadrupole 

(QQQ) mass spectrometer detector (SCIEX 3200QTRAP), equipped with 

electrospray interface (ESI). Chromatographic separation was performed on an 

 Analyte Sample Wavelength 

Markers of BT 
sCD14 Serum diluted 1/2 

Red laser: 

635 nm 

Green laser: 

532 nm 

LBP Serum diluted 1/2 

Inflammation 
markers 

IL-6 Serum diluted 1/200 

IL-1β Serum diluted 1/200 

TNF-α Serum diluted 1/200 

MCP-1 Serum diluted 1/200 

Cardiovascular risk 
markers 

ICAM-1 Serum diluted 1/200 

VCAM-1 Serum diluted 1/200 

PAI-1 Serum diluted 1/2 
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Acquity UPLC BEH HILIC (1.7 µm, 2.1x100 mm) column (Waters). 

Chromatographic conditions were as follows: eluent A 10 mM ammonium acetate 

in water; eluent B 10 mM ammonium acetate in water/acetonitrile (ACN) (1/10); 

flow 0,3 ml/min; column temperature 30 oC; injection volume 2.5 L; eluent 

gradient 0 min 100%B, 10 min 10% B, 11 min 10% B. Concentration of TMAO 

was determined from calibration curve using peak area ratio of the analyte to its 

deuterated internal standard (TMAO D6).  

4.2.4.2. Analysis of short-chain fatty acids 

 Short-chain fatty acids (SCFAs) such as acetic, propanoic, isobutanoic, 

butanoic, isopentanoic, pentanoic, and hexanoic acid were measured from serum 

samples of both HIV-infected patients and control population in the ICVV. 

 400 µl of serum were placed in a 12x32 mm glass crimp top vial containing 

120-140 mg of KCl. Then, it was added 65 µl of HCl and 400 µl of terc-

butylethylether (tBuEtO) containing internal standards (valproic acid 0.41 ppm 

and heptanoic acid 0.82 mm). Vials were immediately capped with an aluminium 

cap with polytetrafluoroethylene (PTFE)/silicon septum and sealed. Samples 

were vigorously shaken at room temperature for 30 minutes and centrifuged 5 

min at 4696 g. Upper organic phase was analysed by gas chromatography 

coupled to MS (GC-MS) using a 7890C Series gas chromatography coupled to a 

7000C Series Triple Quad GC/MS triple quadrupole mass spectrometer (Agilent 

Technologies Inc., Wilmington, DE, USA) with a multi-purpose sampler (MPS) 

automatized liquid sample injection system (Gerstel GmbH & Co. KG, Múlheim 

an der Ruhr, Germany). Chromatography separation was performed in a capillary 

column TG-WaxMS (30 m x 0.25 mm intern diameter, 0.25 µl film) (Thermo 

ScientificTM). A volume of 3 µl of sample was automatically injected into a 

split/splitless inlet (in splitless mode) kept at 250 oC. Helium was used as carrier 

gas at a flow rate of 1 ml/min in constant flow mode. The oven program was set 

as follows: an initial temperature of 40 oC for 5 min, increased to 150 oC at a rate 

of 3 oC/min, then increased to 240 oC at a rate of 15 oC/min and held at 240 oC 

for 10 min. Total analysis time was 57.7 min. Detection was performed with the 
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mass spectrometer operating in SIM mode (dwell time 75 ms) by electronic 

impact ionisation with 70 eV ionization energy.  

 GERSTEL Maestro software (Gerstel GmbH & Co. KG) and MassHunter 

Workstation Software: GCMS Acquisition, version B.07.02 (Agilent Technologies 

Inc.) were used for data acquisition. Firstly, peak identification was made by 

comparison of retention times and ion spectra from fatty acids real standards and 

spectra form the NIST mass spectral library. Analyte quantification was 

performed by external calibration comparing the area of each analyte in samples 

with calibration curves. Calibration curves for each analyte were made from the 

chromatographical analysis data of standard solutions at different concentrations. 

MassHunter Workstation Software: GCMS Qualitative Analysis, version B.07.00 

(Agilent Technologies Inc.) was used for data analysis and sample quantification.  

4.3. Fecal samples 
4.3.1. Collection of samples 

 All patients and healthy volunteers received a sterile tube and the following 

instructions for the collecting of fecal samples:  

• Urinate before defecating. 

• Clean the perineal area with a sponge with soap. 

• Rinse the perineal area with plenty of water. 

• Dry the perineal area with a clean and unused towel. 

• Defecate in a urinal or, otherwise, in a clean and dry place. 

• Open the tube without touching the edges. 

• Collect a small amount of stool (about the size of a walnut) that has not 

touched the sides of the urinal with a spoon which is situated on the inside 

of the tube. 

• Close the tube. 

• Store the tube in a fridge at 4-5 oC until its transportation to the CIBIR 

(within 24 hours). 
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4.3.2. Bacteriome 
4.3.2.1. DNA extraction  

 Fresh stool samples were received at CIBIR, aliquoted in tubes (150-250 

mg) and stored at -80 oC for further analysis. Then, stool samples were unfrozen, 

and faecal DNA was extracted using the Real Microbiome Fecal DNA Kit (Durviz, 

Valencia, Spain) following manufacturer’s instructions. Then, purity, 

concentration, and quality were determined by a Nanodrop spectrophotometer 

1000 (Thermo Scientific, USA), a Qubit 3.0 fluorometer (Thermo Fisher Scientific, 

MA, USA), and a Fragment Analyzer (Agilent, USA).  

 The Real Microbiome Fecal DNA Kit (Durviz, Valencia, Spain) has been 

developed for a quick and efficient purification of microbial DNA from different 

faecal sources for microbiota studies. The procedure includes an efficient lysis of 

microorganisms by a combination of heat and chemical-mechanic disruption with 

specific beads. Then, inhibitors are discarded by precipitation with a buffer and, 

finally, the sample is purified by its passage through a column, washing, and 

elution. 

4.3.2.2. 16S rRNA gene sequencing and bioinformatic 
analysis 

Samples were amplified for the 16S rRNA gene hypervariable regions V3-

V4. Sequencing was performed using an Illumina sequencer (MiSeq, 2x300 bp, 

paired end) at the Genomics & Bioinformatics Core Facility at CIBIR. 

Computational analysis was performed with the help of the Genomics & 

Bioinformatics Core Facility at CIBIR.  

The first step was to check the quality of reads by the quality control tool 

FastQC program. Then, the Qiime2 pipeline (379) was used along the 

bioinformatic analysis. Firstly, the raw sequences already demultiplexed 

(mapping the barcodes to the samples they belong) by the Illumina sequencer 

were denoised. In this step, performed by the DADA2 software, it takes places 
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the trimming of sequencing adapters and primer regions, the filtering of noisy 

reads, the dereplicate of our sequences to reduce repetition, the joint of paired 

reads, the identification of amplicon sequence variants (ASVs) at 99% of 

sequencing similarity, and the elimination of chimeras. Secondly, we used the 

SILVA database (380) trained with the V3-V4 amplification primers using during 

the wet-lab process to do the taxonomic assignation at 70% of confidence 

(Figure 17). 

 The α and β-diversity were analysed as follows: α-diversity is a measure 

of sample-level species richness, whereas β-diversity describes inter-subject 

similarity of microbial composition and facilitates the identification of broad 

differences between samples. The measure of α-diversity was analysed using 

Observed Features, Chao1 index, Fisher’s alpha, Pielou’s index, Shannon index, 

and Simpson index. Observed features, Chao1 index, and Fisher’s alpha are 

based in richness, Pielou’s index is based in evenness and Shannon index and 

Simpson index are based in diversity (richness + evenness). The measure of β-

diversity was analysed using Bray Curtis and visualized using Principal 

Coordinate Analysis (PCoA) by R software (version 4.0.5) and R Studio (version 

1.4.1105). Finally, the analysis of the differential composition of microbiomes was 

carried out with the ANCOM methodology (381) at phylum, order, and genus 

taxonomic levels. This methodology accounts for the underlying structure in the 

data and its widely used for comparing the composition of microbiomes in two or 

more populations, with no assumptions of population distribution. 
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Figure 17. Workflow for examining amplicon sequence data. From Qiime2 webpage (379). 

4.3.3. Virome 
4.3.3.1. DNA and RNA extraction 

 Fresh stool samples were received at CIBIR, collected, aliquoted in tubes 

with O-ring caps (45-55 mg) and stored at -80 oC for further analysis. Later, stool 

samples were thawed and fecal viral DNA and RNA were extracted using the 

NetoVIR protocol (382). To carry out this procedure, I moved to the Laboratory of 

Viral Metagenomics of the Rega Institute (KU Leuven, Belgium), where this 

protocol was previously developed. The aliquots were suspended in sterile dPBS 

(10%) and homogenized using the MINILYS homogenizer (Bertin Technologies) 

for 1 min at 3000 rpm. Homogenates were centrifuged for 3 min at 17000 g and 

filtered using a 0.8 µm polyethersulfone (PES) filter (Sartorius). Filtrates were 

treated with micrococcal nuclease (New England Biolabs) and benzonase 

(Novagen) at 37 °C for 2h. Viral nucleic acids were extracted using the QIAMP® 

Viral RNA mini kit (Qiagen, Venlo, Netherlands) without addition of carrier RNA 

to the lysis buffer. Subsequently, random amplification was performed using a 

modified version of the WTA2 kit (Sigma-Aldrich) with the following parameters: 

94 °C for 2 min, 17 cycles of 94 °C for 30 sec, and 70 °C for 5 min. The WTA2 

products were purified using the MSB Spin PCRapace kit (Stratec Molecular). 
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Quantification of purified product was performed using Qubit™ dsDNA HS Assay 

Kit with the use of a Qubit 2.0 fluorometer (Thermo Fisher Scientific, MA, USA). 

Sequencing libraries were prepared using the Nextera XT DNA Library kit 

(Illumina). Sizes of the libraries were checked with the Bioanalyzer 2100 using 

the High Sensitivity DNA kit (Agilent Technologies, USA) (Figure 18).  
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Figure 18. Workflow of NetoVIR protocol. From Conceição-Neto et al., 2015 (383). 
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4.3.3.2. Sequencing and bioinformatic analysis 

 Sequencing was performed using NextSeq 500 high-throughput Illumina 

platform (2x150 bp paired-end, Nucleomics Core facility, KU Leuven, Belgium). 

Computational analysis was performed following ViPER protocol (384). 

Ambiguous bases, low-quality reads, primers, and adapter sequences were 

removed with Trimmomatic (v0.39) (385). Sequencing mapping to the 

“contaminome” (coming from the sequencing of the four negative control (PBS) 

included during the extraction procedure) were removed using Bowtie2 (v2.4.2) 

in “very-sensitive” mode (386). 

Quality-controlled reads were de novo assembled into a set of contigs with 

MetaSPAdes (v3.15.3) using 21, 33, 55 and 77 k-mer length (387). A set of non-

redundant scaffolds was obtained by clustering the contigs with a length greater 

than 500 bp at 95% average nucleotide identity and 85% coverage using 

CheckV’s clustering scripts (388). Instead of calculating abundances by mapping 

the quality-filtered reads to the complete set of non-redundant scaffolds, reads 

were only mapped against the representatives of the cluster containing a scaffold 

from that sample to avoid false-positive detection of closely related sequences. 

Abundances per sample were obtained by mapping the quality-controlled reads 

back to the set of representative scaffolds using bwa-mem2 (v2.2.1) (389). 

Representative scaffolds with a horizontal coverage of 70% or higher were kept 

for further analyses. 

Eukaryotic viruses 

 Eukaryotic viruses were identified and classified by homology-based 

approaches. The representative scaffolds set was compared against the National 

Center for Biotechnology Information (NCBI) nucleotide database using BLASTN 

(v2.11.0, e-value ≤ 1e-10) (390), and against a non-redundant protein sequence 

database using DIAMOND (v.2.0.13, sensitive mode) (391) (nonredundant [nr] 

and nucleotide [nt] databases downloaded from NCBI) and CAT (v5.2.3) (392). 
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Classification was based on the principle of lowest common ancestor as 

determined by the ktClassifyBLAST module in KronaTools (v2.8) (393).   

Prokaryotic viruses 

 Prokaryotic viruses (bacteriophages) were identified using Virsorter2 

(v2.2.3) with score  0.5 (394). The completeness of these contigs was 

determined with CheckV (v0.8.1) (388). Bacteriophages were selected for further 

analysis based on a combination of Virsorter2 identification and  50% 

completeness. Classification was performed as described in the previous section. 

Additionally, taxonomic classification was expanded using marker gene 

approaches as determined by Cenote-Taker2 (v2.1.3) (395). The lifestyle of 

bacteriophages was determined based on the appearance of lysogeny-specific 

genes. These genes were predicted using the functional annotation module of 

Cenote-Taker2 (395) and can be found in Table 6. The host of bacteriophages 

was determined using Random Forest Assignments of Hosts (RaFAH, v0.3). 

Bacterial hosts were predicted on phylum level with score  0.14 (396).  
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Table 6. Predicted lysogenic-specific genes and their functions used for the prediction of the 
lifestyle of bacteriophages. 

Lysogenic-specific genes Function 
Integrase or INTEGRASE Integrase 

Phage_integrase_family_protein Integrase 

SITE_SPECIFIC_RECOMBINASE_XERD Integrase 

Excisionase_from_transposon_Tn916 Excisionase 

DNA_binding_domain,_excisionase_family Excisionase 

Repressor_protein_CI Repressor 

P22_AR_repressor_domain_protein Repressor 

REPRESSOR_PROTEIN Repressor 

Cro/C1-type_HTH_DNA-binding_domain Repressor 

Phage_regulatory_protein_Rha_(Phage_pRha) Repressor 

Uncharacterized_ATPase,_putative_transposase Transposase 

MU TRANSPOSASE Transposase 

PROPHAGE_LAMBDALM01_ANTIGEN Prophage domain 

Mu-like_prophage_DNA_circulation_protein Prophage domain 

Mu-like_prophage_I_protein Prophage domain 

ParB protein Lysogenic recombination 

CHROMOSOME_PARTITIONING_PROTEIN_PARB Lysogenic recombination 

CrAss-like bacteriophages  

A custom database of 998 CrAss-like bacteriophages was created by 

combining the CrAss-like genomes of 3 large datasets. We found 55 genomes in 

Refseq, 249 genomes in Guerin et al., 2028 (203), and 694 genomes in Yutin et 

al., 2018 (397). Bacteriophages selected in previous section were compared 

against this custom nucleotide database using BLASTN (v2.11.0, e-value ≤ 1e-

5, %coverage  10000 bp) to identify CrAss-like viruses (390) . 

Statistical analysis 

 The α and β-diversity were analysed using phyloseq (398). The measure 

of α-diversity was analysed using Observed Features, Fisher’s alpha, Shannon 

index, Simpson index, and Pielou’s index with the plot_anova_diversity function 

of the microbiomeSeq package. Besides, correlations between α-diversity from 
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bacteriome and phages was analysed using rcorr and corrplot packages from R. 

The measure of β-diversity was analysed using Bray Curtis (ordinate function 

from phyloseq package) and visualized using PCoA (plot_ordination function 

from phyloseq package) and statistically significant differences were evaluated 

with PERMANOVA (adonis2 and pairwise.adonis functions from the vegan 

package). Finally, the analysis of the differential composition of microbiomes was 

carried out with DESeq2 at phylum and class taxonomic levels regarding phages 

and at phylum, family, and genus taxonomic levels regarding eukaryotic viruses. 

When required, statistical significance was evaluated with the adequate non-

parametric test. All these analyses were performed using R (v3.6.3) and R Studio 

(v1.2.1335). 

4.4. Saliva samples 
4.4.1. Collection of samples 

 All patients and healthy volunteers received a sterile 50 ml Falcon and the 

following instructions for the collecting of saliva samples: 

• Stay at least 1 hour without eating. 

• Rinse the mouth. 

• Wait 10 minutes. 

• Wash hands and put on gloves. 

• Collect the sample (approximately 2 ml) spitting inside de Falcon.  

• Store the tube in fridge at 4-5 oC until its transportation to the CIBIR (within 

24 hours). 

4.4.2. DNA extraction 

 Fresh saliva samples were received at CIBIR, aliquoted in tubes 

(approximately 500 μl) and stored at -80 oC for further analysis. Then, saliva 

samples were unfrozen, and saliva DNA was extracted using a modified version 

of the DNeasy® Blood and Tissue kit (Qiagen, Venlo, Netherlands). Then, purity, 
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concentration, and quality were determined by a Nanodrop spectrophotometer 

1000 (Thermo Fisher Scientific, MA, USA), a Qubit 3.0 fluorometer (Thermo 

Fisher Scientific, MA, USA), and a Fragment Analyzer (Agilent, USA).  

 This protocol has been adapted by customers from the DNeasy animal 

and cell protocol for the purification of DNA from fresh or frozen animal saliva. 

The procedure includes a homogenisation and an efficient lysis of 

microorganisms by a combination of heat and chemical disruption. Then, the 

sample is purified by its passage through a column, washing, and elution. 

4.4.3. 16S rRNA gene sequencing and bioinformatic 
analysis 

The same procedure used for sequencing the bacteriome of faeces 

samples already aforementioned has been carried out for the 16S rRNA gene 

sequencing of salivary samples (section 4.3.2.2). 

4.5. Statistical analysis 

 Results are presented as mean ± standard error of the mean (SEM) for 

quantitative variables and as percentage for qualitative variables. Boxplots 

indicates the median, the first and third quartile, and the minimum and maximum 

values. Categorical variables were analysed using the Chi-square or Fisher’s 

exact test. Normal distribution of quantitative variables was checked using the 

Shapiro-Wilk test. Comparison between two groups was performed using 

unpaired t test or U-Mann Whitney depending on the normality of the data. 

Besides, in the case of longitudinal studies, the comparison between two groups 

was performed by paired t test or Wilcoxon regarding the normality of the data. 

Comparison between three or more groups was analysed using ANOVA followed 

by Tukey post-hoc regardless the normality of the data, considering that 

parametric tests are robust enough to be applied to non-parametric samples. 

Relationships between variables were analysed by Pearson or Spearman 

depending on the normality of the data. P values < 0.05 and false discovery rates 
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(FDRs) < 0.05 were considered as statistically significant. Statistical analysis was 

performed using GraphPad Prism 8 (GraphPad Prism®, La Jolla, California, 

USA), R software (version 4.0.5), and R Studio (version 1.4.1105). 

Figure 19 summarizes all the steps carried out in the present Doctoral 

Thesis. 

 
Figure 19. Workflow of the present Doctoral Thesis. Original contribution made with 

PowerPoint. ART (antiretroviral treatment), EDTA (ethylenediamine tetraacetic acid), ELISA 
(enzyme-linked immunosorbent assay), GOT/AST (glutamic oxalacetic transaminase or aspartate 
transaminase), GPT/ALT (pyruvic glutamic transaminase or alanine aminotransferase), HDL 
(high density lipoprotein), HIV (human immunodeficiency virus), HOMA-IR (homeostasis model 
assessment insulin resistance index), ICAM-1 (intracellular adhesion molecule 1), iFABP 
(intestinal fatty acid binding protein), IL-1β (interleukin 1β), IL-6 (interleukin 6), INSTIs (integrase 
strand transfer inhibitors), LBP (lipopolysaccharide binding protein), LDL (low density lipoprotein), 
MCP-1 (macrophage chemoattractant protein 1), PAI-1 (plasminogen activator protein 1), RaFAH 
(Random Forest Assignments of Host), rRNA (ribosomal ribonucleic acid), sCD14 (soluble cluster 
of differentiation 14), SCFAs (short chain fatty acids), TMAO (trimethylamine N-oxide), TNF-α 
(tumor necrosis factor α), VCAM-1 (vascular cell adhesion molecule 1).   
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5. RESULTS 
5.1. Patient characteristics 

 Table 7 shows the main characteristics of the recruited population. Viral 

load of naive patients was 622,252.9 ± 341,039.3 copies/ml, whereas INSTIs-

treated patients showed indetectable viral load (<20 copies/ml), as expected. 

INSTIs-treated patients showed nadir CD4 counts of 526.53 ± 56.30 cells/µl. The 

average time under treatment was 33.27 ± 5.04 months. Statistically significant 

differences were observed between the naive group and INSTIs-treated patients 

in CD4 levels (p<0.01) and CD4/CD8 ratio, both higher in the INSTIs-treated 

group. Statistically significant differences were also observed between the control 

and the naive group in terms of gender (p<0.01), age (p<0.05), systolic blood 

pressure (p<0.05), diastolic blood pressure (p<0.05), and smoking habits 

(p<0.05). In fact, males were less represented in the control group (34.62%) in 

contrast to HIV-infected patients (80.00% and 86.67% in naive and INSTIs-

treated patients, respectively). Mean age of the control group was higher than 

that observed in the naive group. However, no differences were observed among 

the controls and INSTIs-treated patients or among the naive and INSTIs-treated 

patients. Both systolic and diastolic blood pressure were higher in the naive group 

compared to the control group although no differences were observed when the 

controls were compared to INSTIs-treated patients and among both HIV-infected 

groups. Of note, none of the naive HIV-infected patients suffered from 

hypertension (based on clinical records). Thus, these differences could be 

explained as “white coat hypertension” generated in those patients that have just 

received the news of being HIV-positive. Smoking habits were also higher in the 

naive group and in INSTIs-treated group compared to the control group (11.54% 

vs. 46.67% and 66.67%, respectively). No differences were observed either in 

the mode of transmission, or in AIDS events (only one naive patient suffered from 

it), or in the coinfection with virus C or B (only two INSTIs-treated patients 

presented coinfection with virus C and a low grade of fibrosis of F0/F1).  
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Table 7. Characteristics of healthy uninfected controls and HIV-infected patients (naive and under 
INSTIs-based treatment).  

Qualitative variables are represented as absolute number (percentage), while quantitative 
variables are represented as mean ± standard error mean. P value refers to the comparison 
between two (naive vs. INSTIs) or three (control vs. naive vs. INSTIs) groups, as appropriate. 
Asterisks indicate statistically significant differences with respect to control group (*p<0.05, 
**p<0.01, and ***p<0.001). AIDS (acquired immunodeficiency syndrome), BMI (body mass index), 
HIV (human immunodeficiency virus), HS (heterosexual), INSTIs (integrase strand transfer 
inhibitors-based treatment), MSM (men who have sex with men). 

 On the other hand, Table 8 shows the biochemical characterization of the 

population recruited for this study. Glucose levels and the insulin resistance 

index, the HOMA-IR, were significantly higher in the naive group compared to the 

control (p<0.05). However, differences were not observed between the controls 

and INSTIs-treated group, suggesting that INSTIs-based treatment ameliorates 

this metabolic disturbance induced by HIV. Besides, triglyceride levels were 

higher in HIV-infected patients, being more potent in those naive participants. 

Although no statistically significant differences were observed in cholesterol 

  Control Naive INSTIs-treated 
p 

value 
Number of patients 26 15 15 - 
Gender (men) 9/26 (34.62%) 13/15 (86.67%) ** 12/15 (80.00%) ** 0.002 
Age (years) 43.58±2.31 33.87±2.85 * 43.67±3.39 0.033 
BMI (kg/m²) 24.30±0.69 23.23±1.05 23.51±0.85 0.616 
Waist 
circumference (cm) 85.35±2.55 83.83±2.86 85.13±2.15 0.916 

Systolic blood 
pressure (mmHg) 120.58±2.76 135.67±5.67 * 129.73±6.02 0.050 

Diastolic blood 
pressure (mmHg) 72.19±1.94 81.87±3.31 * 77.80±3.24 0.035 

Alcohol active 3/26 (11.54%) 0/15 (0.00%) 1/15 (6.67%) 0.578 
Smoking active 3/26 (11.54%) 7/15 (46.67%) * 10/15 (66.67%) *** 0.001 
CD4 (cells/µl) - 464.07±76.46 850.53±101.68 0.006 
Nadir CD4 (cells/ µl) - 464.07±76.46 526.53 ± 56.30 0.517 
CD4/CD8 ratio - 0.53±0.13 0.84±0.10 0.027 

Mode of 
transmission 

- HS: 6/15 (40.00%) HS: 7/15 (46.67%) 

0.716 - MSM: 9/15 (60.00%) MSM: 7/15 (46.67%) 

- Parenteral: 
0/15 (0.00%) 

Parenteral: 
1/15 (6.66%) 

AIDS - 1/15 (6.67%) 0/15 (0.00%) 1 
Coinfection with 
virus C - 0/15 (0.00%) 2/15 (13.33%) 0.483 

Coinfection with 
virus B - 0/15 (0.00%) 0/15 (0.00%) 1 
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levels, a significant reduction on HDL was only observed in naive patients 

(p<0.001 vs. control) but disappeared in INSTIs-treated HIV-infected patients.  

Table 8. Biochemical parameter of healthy, uninfected controls, and HIV-infected patients.  
  Control Naive INSTIs-treated p value 
Glucose (mg/dl) 87.64±1.77 94.73±2.42 * 93.00±2.20 0.039 
Insulin (µU/ml) 9.25±1.54 13.16±1.78 9.90±0.57 0.190 
HOMA-IR 2.03±0.33 3.40±0.52 * 2.19±0.16 0.030 
Triglycerides 
(mg/dl) 73.28±5.21 124.47±14.95 ** 117.87±17.73 * 0.004 
Cholesterol (mg/d) 184.40±5.66 160.27±8.70 179.87±8.76 0.065 
HDL (mg/dl) 62.42±3.83 39.53±2.77 *** 51.47±3.76 0.001 
LDL (mg/dl) 110.26±4.26 95.93±7.57 99.00±6.47 0.167 
GOT/AST (U/L) 20.88±1.62 21.29±1.74 18.86±1.25 0.607 
GPT/ALT (U/L) 18.68±1.60 23.00±2.29 18.43±1.72 0.211 

Variables are represented as mean ± standard error mean. P value refers to the comparison 
between three groups (control vs. naive vs. ART). Asterisks indicated statistically significant 
differences with respect to control group (*p<0.05, **p<0.01, and ***p<0.001). GOT/AST (glutamic 
oxalacetic transaminase or aspartate aminotransferase), GPT/ALT (pyruvic glutamic 
transaminase or alanine aminotransferase), HDL (high density lipoprotein), HOMA-IR 
(homeostatic model assessment-insulin resistance), INSTIs (integrase strand transfer inhibitors-
based treatments), LDL (low density lipoprotein). 

5.2. Bacterial translocation, inflammation, 
cardiovascular risk, and gut permeability 
markers 

 Figure 20 shows the results obtained from the analysis of BT, 

inflammation, and cardiovascular risk markers in the studied population. HIV 

infection was accompanied by a significant increase in BT (p<0.05 and p<0.001 

for LBP and sCD14 respectively) (Figure 20A), although this increase was 

completely abolished after one year of INSTI-based treatment (Figure 20B) 

reaching statistical significance among the naive and INSTIs-treated patients 

(p<0.01 and p<0.001 for LBP and sCD14 respectively). No differences were 

observed either in IL-6 or in TNF-α, well-known markers of inflammation (Figure 
20C). However, although no significant differences were observed on TNF-α 

levels when all HIV-infected patients were analysed together, when they were 

split into two groups depending on ART regimen (naive vs. INSTIs), a significant 
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increase was observed in naive patients (p<0.05) that was completely reversed 

in those patients under INSTIs-based regimen (Figure 20D). Regarding the 

analysis of cardiovascular risk markers, no significant differences were observed 

with any of the parameters analysed when the control group was compared with 

all HIV-infected patients analysed together (Figure 20E). However, when HIV-

infected patients were separated into a naive group and a INSTIs-treated group, 

the naive group presented higher levels of VCAM-1 and PAI-1 reaching statistical 

significance (p<0.001 in both cases) while no differences were observed on 

ICAM-1 and TMAO. The increases observed in VCAM-1 and PAI-1 were clearly 

reversed in INSTIs-treated group (p<0.001 regarding VCAM-1 and p<0.01 

regarding PAI-1, INSTIs vs. naive) and, consequently, no differences were 

observed when the INSTIs-treated patients were compared to uninfected 

volunteers (Figure 20F).  
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Figure 20. Levels of BT (A and B), inflammation (C and D), and cardiovascular risk markers (E 
and F) in the studied population. *p<0.05 vs. control, ***p<0.001 vs. control, ##p<0.01 vs. INSTIs, 
and ###p<0.001 vs. INSTIs. HIV (human immunodeficiency virus), ICAM-1 (intracellular adhesion 
molecule 1), IL-6 (interleukin6), INSTIs (integrase strand transfer inhibitors-based treatment), LBP 
(lipopolysaccharide binding protein), PAI-1 (plasminogen activator protein 1), sCD14 (soluble 
cluster of differentiation 14), TMAO (trimethylamine N-oxide), TNF-alfa (tumor necrosis factor α), 
VCAM-1 (vascular cell adhesion molecule 1). 
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 In line with these results, we carried out a small pilot study in which six 

naive patients were recruited and samples were also collected after one year 

under treatment. Thus, we carried out a longitudinal approach and, although the 

sample size was quite small (n=6), the results revealed that systemic levels of 

VCAM-1 and PAI-1 were significantly reduced after the treatment (p<0.05 in both 

cases vs. naive), corroborating the potent effect of INSTIs-based treatments on 

these cardiovascular markers (Figure 21).  

Figure 21. Levels of BT (A), inflammation (B), and cardiovascular risk markers (C) comparing 
INSTIs-treated patients before and after one year of treatment. *p<0.05 vs. control. ICAM-1 
(intracellular adhesion molecule 1), IL-6 (interleukin6), INSTIs (integrase strand transfer 
inhibitors-based treatment), LBP (lipopolysaccharide binding protein), PAI-1 (plasminogen 
activator protein 1), sCD14 (soluble cluster of differentiation 14), TMAO (trimethylamine N-oxide), 
TNF-alfa (tumor necrosis factor alfa), VCAM-1 (vascular cell adhesion molecule 1). 

 We also investigated the effects of DTG and BIC separately. Figure 22 

indicates that DTG exerted a more powerful reducing effect on BT than BIC, but 

these results could also be due to the significant higher number of patients 

included in this group. Thus, it is difficult to extract general conclusions in this 

concern.  
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Figure 22. Levels of BT comparing naive patients to patients taking DTG and BIC. ***p<0.001 vs. 
naive and ##p<0.01 vs. DTG. BIC (bictegravir), DTG (dolutegravir), LBP (lipopolysaccharide 
binding protein), sCD14 (soluble cluster of differentiation 14). 

 Finally, Figure 23 shows that HIV infection was accompanied by a 

statistically significant increase in faecal calprotectin levels, a marker of gut 

permeability (p<0.01 vs. control). Furthermore, a statistically significant increase 

in faecal calprotectin levels was only observed in naive patients (p<0.05 vs. 

control), that was not present in INSTIs-treated patients (p=0.291). However, 

considering iFABP, another marker of gut permeability, differences were not 

observed.  
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Figure 23. Levels of iFABP and calprotectin in the studied population. *p<0.05 vs. control and 
**p<0.01 vs. control. HIV (human immunodeficiency virus), iFABP (intestinal fatty acid binding 
protein), INSTIs (integrase strand transfer inhibitors-based treatment). 

5.3. Gut derived short chain fatty acids 

 A statistically significant reduction in serum concentration of acetic acid, 

butanoic acid, pentanoic acid, and hexanoic acid was observed in HIV-infected 

population compared to controls (p<0.05-p<0.001) (Figure 24A). This reduction 

was independent of ART as can be observed in Figure 24B, except for acetic 

acid, where ART seems to reverse such the decrease induced by HIV infection 

as no significant differences were observed when compared with the controls.  
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Figure 24. Levels of bacterial metabolites in the studied population. *p<0.05 vs. control, **p<0.01 
vs. control, and ***p<0.001 vs. control. HIV (human immunodeficiency virus), INSTIs (integrase 
strand transfer inhibitors-based treatments). 

5.4. Gut bacterioma diversity and 
composition 

5.4.1. Alpha diversity of gut bacteriome 

 A significant decrease in Observed features and Chao1 index was 

observed in naive group compared to controls (p<0.05 in both cases). Such 

decrease was not present in INSTIs-treated group when compared to controls, 

suggesting some kind of reversion due to the treatment (Figure 25). No 

statistically significant differences were observed either in Fisher’s alpha, or in 

Pielou’s evenness, or in Shannon index, or in Simpson index. 
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Figure 25. Different indexes of α-diversity from bacteria in faecal samples of the studied 
population. *p<0.05 vs. control. INSTIs (integrase strand transfer inhibitors-based treatments). 

5.4.2. Beta diversity of gut bacteriome 

 Figure 26 shows the PCoA from the studied population. Control group is 

clearly different from naive group (p<0.01) and INSTIs-treated group (p<0.01). 

However, statically significant differences were not observed between the naive 

group and INSTIs-treated patients in terms of β-diversity as can be observed in 

Figure 26. 
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Figure 26. PCoAs from bacteria in faecal samples of the studied population (accounting for 22% 
of the total variation [Component 1 = 17% and Component 2 = 5%]). Results are plotted according 
to the first two principal components. Each circle represents a sample: red circles represent the 
uninfected volunteers, green circles represent the naive group and blue circles represent the 
INSTIs-treated group. The clustering of samples is represented by their respective 95% 
confidence interval ellipse.  p<0.05 naive vs. control and p<0.05 INSTIs vs. control. INSTIs 
(integrase strand transfer inhibitors-based treatments). 

5.4.3. Differential abundance of gut bacteriome 

 Concerning GM composition, a total of 16 phyla and 42 orders were 

detected. The two most abundant phyla in gut were Bacteroidetes (20.27%-

64.21%) and Firmicutes (13.57%-77.01%). In the order level, Bacteroidales 

(20.27%-64.21%) and Clostridiales (11.41%-64.47%) were the most abundant.  

 When comparing controls to naive patients, increases in phylum level were 

not revealed. An increase in the order Aeromonadales (phylum Proteobacteria) 

and in the genus Succinivibrio (order Aeromonadales, phylum Proteobacteria) 

and Prevotella 2 (order Bacteroidales, phylum Bacteroidetes) were observed in 

the naive group compared to controls (Table 9). In contrast, HIV infection was 
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accompanied by a decrease in the phylum Verrucomicrobia and in the genera 

Erysipelotrichaceae UCG-003 (order Erysipelotrichales, phylum Firmicutes) and 

Catenibacterium (order Erysipelotrichales, phylum Firmicutes) in the naive group 

compared to controls (Table 9). When controls were compared against INSTIs-

treated HIV-infected patients, an increase in the phyla Spirochaetes and 

Cyanobacteria, in the order Aeromonadales (phylum Proteobacteria) and in the 

genera Succinivibrio (order Aeromonadales, phylum Proteobacteria) and 

Catenibacterium (order Erysipelotrichales, phylum Firmicutes) were observed in 

the treated group (Table 9). A decrease in the phyla Bacteroidetes and 

Actinobacteria in INSTIs-treated group compared to the control group was also 

detected, although no specific orders or genera were decreased in this group of 

patients compared to healthy volunteers (Table 9). Finally, when comparing 

naive group and INTSIs-treated group an increase in the phylum Cyanobacteria 

and in the order Gastranaerophilales (phylum Cyanobacteria) were observed in 

the INSTIS-treated group along with a decrease in the phyla Bacteroidetes and 

Fusobacteria.  

Table 9. Bacterial taxonomical orders that present a differential abundance in the faeces of the 
studied population.  

INSTIs (integrase strand transfer inhibitors-based treatments). 

 Control vs. 
 Naive INSTIs 
 Category Taxonomic group W Category Taxonomic group W 

↑ 
   Phylum Spirochaetes 9 
   Phylum Cyanobacteria 6 

Order Aeromonadales 41 Order Aeromonadales 42 
Genus Succinivibrio 285 Genus Succinivibrio 307 
Genus Prevotella 2 285 Genus Catenibacterium 286 

↓ 
Phylum Verrucomicrobia 9 Phylum Bacteroidetes 4 

   Phylum Actinobacteria 4 
Genus Erysipelotrichaceae UCG-003 303    

 Genus Catenibacterium 292    
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5.5. Gut virome analysis 
5.5.1. Reads and contigs distribution 

 After the sequencing and the quality control, 48.8% of the reads 

(99,038,911 reads) mapped to viruses (Figure 27A) and, of them, 98.8% 

belonged to phages and 1.2% to eukaryotic virus (Figure 27C). Among the rest 

of the reads, 40% mapped to bacteria, 9.8% to other microorganisms, and only 

1.4% were unannotated (Figure 27A). On the other hand, only 0.4% of the 

contigs (coming from the assembling of the reads after quality control) mapped 

to viruses (Figure 27B) and, of them, 88.6% belonged to phages and 11.4% to 

eukaryotic viruses (Figure 27D). Among the rest of the contigs, 93.7% belonged 

to bacteria, 4.9% to other, and 1% to unannotated (Figure 27B). 

Figure 27. Percentage of the reads (A and C) and the contigs (B and D) that correspond to 
different superkingdoms (A and B) and viral categories (C and D). 
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5.5.2. Eukaryotic virus diversity and composition 
5.5.2.1. Alpha and beta diversity of eukaryotic viruses 

 The analysis of α-diversity of eukaryotic viruses did not show statistically 

significant differences in the indexes analysed (Observed features, Simpson 

index, Shannon index, and Pielou’s evenness) (Figure 28). However, a slightly 

decreased tendency was observed in Observed features, Simpson index, and 

Shannon index in the naive group compared to the controls, which seems to be 

reverted after INSTIs-based treatment. In the same line as α-diversity, the 

analysis of β-diversity did not reveal a different clustering between the three 

groups (Figure 29).  

Figure 28. Different indexes of α-diversity from eukaryotic viruses in faecal samples of the studied 
population. INSTIs (integrase strand transfer inhibitors-based treatment). 
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Figure 29. PCoAs from eukaryotic viruses in faecal samples of the studied population (accounting 
for 23% of the total variation [Component 1 = 13.8% and Component 2 = 9.2%]). Results are 
plotted according to the first two principal components. Each circle represents a sample: red 
circles represent the uninfected volunteers, green circles represent the naive group and blue 
circles represent the INSTIs-treated group. The clustering of sample is represented by their 
respective 95% confidence interval ellipse. INSTIs (integrase strand transfer inhibitors-based 
treatment). 

5.5.2.2. Distribution of eukaryotic viruses 

 Eukaryotic viruses were classified into three groups: animal infecting 

viruses (4 families), plant and fungi infecting viruses (9 families), and small 

circular viruses (7 families). Figure 30 shows the presence of these viruses and 

their relative abundance comparing their presence in controls subjects and naive 

and INSTIs-treated groups to provide a first view of their distribution. Our data 

revealed that plant and fungal viruses are the most prevalent, with members of 

the Virgaviridae family being the most abundant, followed by small circular 

viruses. Although plant viruses are likely passengers, they were the only group 

found in more than 50% of all samples. On the other hand, animal infecting 

viruses were rare. Due to the low percentage of reads belonging to eukaryotic 
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viruses compared to those belonging to phages and the wide deviation between 

samples, DESeq analysis did not reveal differentially abundant eukaryotic viruses 

among the three groups.  

Figure 30. Heatmap of the distribution of eukaryotic viruses between control, naive, and INSTIs 
groups. The relative abundance and the presence of the different families between three groups 
is shown (animal infecting viruses, plant and fungi infecting viruses, and small circular viruses). 
INSTIs (integrase strand transfer inhibitors-based treatment). 

5.5.3. Phage diversity and composition 
5.5.3.1. Alpha diversity of phages 

 A significant decrease in Observed features and Fisher’s alpha indexes 

was observed in HIV-naive patients compared to controls (p<0.01 and p<0.05 

respectively). Such decrease was not present in INSTIs-treated group when 

compared to controls (Figure 31). No differences were observed either in 

Simpson index, or Shannon index, or in Pielou’s evenness.  
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Figure 31. Different indexes of α-diversity from phages in faecal samples of the studied 
population. *p<0.05 vs. control, **p<0.01 vs. control. INSTIs (integrase strand transfer inhibitors-
based treatment). 

5.5.3.2. Beta diversity of phages 

 Figure 32 shows the PCoA obtained from the studied population. The 

control group is clearly different from the naive group (p<0.01) and the INSTIs-

treated group (p<0.01). However, statistically significant differences were not 

observed between the naive group and the INSTIs-treated patients in terms of β-

diversity, although it is worth mentioning that samples coming from INSTIs-

treated patients grouped more closely together compared to those of naive 

patients, as can be observed in Figure 32. 
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Figure 32. PCoAs from phages in faecal samples of the studied population (accounting for 8.9% 
of the total variation [Component 1 = 5.1% and Component 2 = 3.8%]). Results are plotted 
according to the first two principal components. Each circle represents a sample: red circles 
represent the uninfected volunteers, green circles represent the naive group and blue circles 
represent the INSTIs-treated group. The clustering of samples is represented by their respective 
95% confidence interval ellipse. p<0.01 naive vs. control and p<0.01 INSTIs vs. control. INSTIs 
(integrase strand transfer inhibitors-based treatment). 

5.5.3.3. Differential abundance of phages 

 DESeq analysis revealed an increase in members of the Caudoviricetes 

class in naive patients compared to the non-infected group and a decrease in 

Malgrandaviricetes class in INSTIs-treated patients compared to the control 

group. However, differences between naive and INSTIs-treated patients were not 

detected (Table 10).  
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Table 10. Phage taxonomical orders which present a differential abundance in the faeces of the 
studied population.  

INSTIs (integrase strand transfer inhibitors-based treatments). 

5.5.3.4. Lifecycle prediction of phages 

 Comparison between controls and HIV-infected groups revealed a 

statistically significant increase in the relative abundance of lysogenic phages in 

HIV-infected patients (p<0.05 vs. control) (Figure 33A), that was not reversed 

after INSTIs-based treatment (Figure 33B). These differences couldn’t be solely 

explained by changes in the relative abundance of Caudoviricetes class (Figure 
33C and Figure 33D). 

 Control vs. 
 Naive INSTIs 
 Category Taxonomic group padj Category Taxonomic group padj 

↑ 
Phylum Uroviricota 0,011    

Class Caudoviricetes 0,011    

↓ 
   Phylum Phixviricota <0,001 
   Class Malgrandaviricetes <0,001 
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Figure 33. Relative abundance of the lysogenic phages comparing control group vs. HIV-infected 
patients and control group vs. naive patients vs. INSTIs-treated patients taking into account all 
viral classes (A and B) and only Caudoviricetes class (C and D). *p<0.05 vs. control. HIV (human 
immunodeficiency virus), INSTIs (integrase strand transfer inhibitors-based treatment). 
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5.5.3.5. Host prediction of phages 

 Figure 34A shows the host prediction of the four classes of phages 

detected (Caudoviricetes, Duplopiviricetes, Faserviricetes, and 

Malgrandaviricetes) and of those viruses which were unable to be classified 

(Unannotated). Caudoviricetes were predicted to mainly infect members of the 

phyla Firmicutes followed by Bacteroidetes phylum. Malgrandaviricetes were 

predicted to mainly infect members of the Proteobacteria phylum followed by 

Firmicutes and Chloroflexi phyla. The main host of Duplopiviricetes and 

Faserviricetes couldn’t be detected and, therefore, was identified as “unknown”.  

 Finally, the comparison between the relative abundance of the phages 

infecting each bacterial phylum revealed that INSTIs-based treatments were not 

able to restore the decrease observed in the relative abundance of 

Proteobacteria-infecting phages (p<0.05 HIV vs. control) (Figure 34B and Figure 
34C). 
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Figure 34. Host prediction of the phages belonging to different classes. A) Prediction of which 
bacteria are infected by phage grouped based on class-level taxonomy. B) Differences between 
control and HIV-infected patients in the relative abundance of the phages infecting bacterial phyla. 
C) Differences between control, naive, and INSTIs in the relative abundance of the phages 
infecting bacterial phyla. *p<0.05 vs. control. INSTIs (integrase strand transfer inhibitors-based 
treatment). 
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5.5.3.6. Correlation between α-diversity of gut bacteriome 
and α-diversity of gut phages 

 Finally, we wanted to detect possible correlations between indexes of α-

diversity from bacterioma and from phages (Figure 35). As expected, all 

bacteriome α-diversity indexes correlated between them as well as all phages α-

diversity indexes did. In addition, all bacteriome richness indexes (Observed 

features, Chao 1 index, and Fisher’s alpha) and Shannon index correlated with 

the following phages indexes: Observed features, Chao1 index, and Simpson 

index, but not with Fisher’s alpha or Shannon index. 

Figure 35. Correlation plot between α-diversity indexes from bacteria and phages. Only 
significant correlations (p<0.01) are shown.  
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5.6. Oral bacterioma diversity and 
composition 

5.6.1. Alpha and beta diversity of oral bacteriome 

 The analysis of the α-diversity of oral bacteriome did not show statistically 

significant differences in the indexes analysed among the three groups of 

subjects (Observed features, Chao1 index, Fisher’s alpha, Pielou’s evenness, 

Simpson index, and Shannon index) (Figure 36). Similarly, the analysis of β-

diversity did not reveal a different clustering between the three groups (Figure 
37).  

Figure 36. Different indexes of α-diversity from bacteria in salivary samples of the studied 
population. INSTIs (integrase strand transfer inhibitors-based treatments). 
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Figure 37. PCoAs from bacteria in salivary samples from the studied population (accounting for 
23% of the total variation [Component 1 = 15% and Component 2 = 8%]). Results are plotted 
according to the first two principal components. Each circle represents a sample: red circles 
represent the uninfected volunteers, green circles represent the naive group and blue circles 
represent the INSTIs-treated group. The clustering of samples is represented by their respective 
95% confidence interval ellipse. INSTIs (integrase strand transfer inhibitors-based treatments). 

5.6.2. Differential abundance of oral bacteriome 

 Concerning oral microbiota composition, a total of 20 phyla and 68 orders 

were detected. The three most abundant phyla in saliva were Bacteroidetes 

(12.61%-64.16%), Firmicutes (7.37%-66.14%), and Proteobacteria (0.12%-

54.40%). In the order level, Bacteroidales (10.05%-63.13%), Lactobacillales 

(2.65%-56.11%), and Betaproteobacteriales (0.04%-42.54%) were the most 

abundant.  

 When comparing controls to naive patients, an increase in the phylum 

Proteobacteria, in the order Acholeplasmatales (phylum Firmicutes), and in the 

genera Ezakiella (order Tissierellia, phylum Firmicutes) and Acholeplasma (order 
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Acholeplasmatales, phylum Firmicutes) were observed in the naive group 

compared to controls (Table 11). On the other hand, when controls were 

compared against INSTIs-treated HIV-infected patients, an increase in the 

phylum Tenericutes, in the order Acholeplasmatales (phylum Firmicutes), and in 

the genera Acholeplasma (order Acholeplasmatales, phylum Firmicutes) and 

uncultured Eubacteriaceae bacterium (order Eubacteriales, phylum Firmicutes) 

were detected (Table 11). No differences were observed between naive group 

and INSTIs-treated group. 

Table 11. Bacterial taxonomical orders that present a differential abundance in the saliva of the 
studied population.  

 
INSTIs (integrase strand transfer inhibitors-based treatment). 

 Control vs. 
 Naive INSTIs 
 Category Taxonomic group W Category Taxonomic group W 

↑ 
Phylum Proteobacteria 13 Phylum Tenericutes 19 
Order Acholeplasmatales 66 Order Acholeplasmatales 57 
Genus Ezakiella 130 Genus Acholeplasma 178 

Genus Acholeplasma 124 Genus uncultured 
Eubacteriaceae bacterium 162 
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6. DISCUSSION 

 Integrase inhibitors are recommended by international guidelines 

(78,399,400) as a key component of ART in the treatment of naive HIV-infected 

patients. In particular, their efficacy, tolerability, and low drug-drug interaction 

profile have made them the preferred choice as part of the first-line regimen in 

treatment-naive individuals (401). Here we report that current antiretroviral 

regimens based on INSTIs are able to reverse the impact of HIV infection on BT 

and systemic inflammation reaching similar levels than those observed in an 

uninfected/control population. These results suggest potent beneficial actions of 

this class of antiretrovirals on gut and in potential age-related complications such 

as cardiovascular events. In addition, our study confirms that the results 

previously observed with RAL (270) can be extrapolated to other INSTIs used for 

treatment of HIV-infected patients. On the other hand, we have demonstrated the 

effects of HIV infection and INSTIs-based treatment on gut bacteriome, 

bacteriophages, and eukaryotic virus abundances as also on salivary bacteriome. 

To our knowledge, this is the first time that DNA and RNA viruses have been 

identified in gut of HIV-infected people along with the characterization of gut 

bacteriome in the same individuals. Thus, this study implies a “snapshot” needed 

to identify if INSTIs-based treatments are able to restore gut dysbiosis not only at 

bacterial (270) but also at viral level. 

 As deeply described in the introduction section of this Doctoral Thesis, the 

BT triggered by HIV infection is associated with subsequent intestinal and 

systemic inflammation (295) and with the predisposition of HIV-infected patients 

to co-morbidities such as CVD (251). Several studies have reported elevated 

serum levels of sCD14 and have demonstrated that this marker independently 

predict mortality and thrombotic risk (288,402). Our study clearly showed that 

ART-based on INSTIs reduced the levels of sCD14 and LBP reaching similar 

serum levels than those observed in control population. These results could have 

a positive impact on the inflammaging state present in these patients (253) and 

improve their quality of life. Moreover, we have revealed that this effect is mainly 
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present in those patients taking DTG, while BIC seems to be less efficient 

reducing BT in HIV-infected patients. However, the number of patients included 

when we split INSTIs-treated group into two is very small and more studies with 

larger cohorts will be needed to confirm such findings. Anyway, our study clearly 

revealed the positive effects of both treatments, analysed together, on BT. An 

increase in the inflammatory cytokine TNF-α in the naive group, which was not 

present in the INSTIs-treated group, was also observed in our study. This fact 

suggests a mild recuperation of the inflammatory state in HIV-infected people 

under INSTIs-based therapy. These results are similar to those obtained in an 

observational study analysing the effects of different INSTIs (RAL, EVG or DTG) 

on markers of inflammation and BT (403). Besides, in this study they revealed 

that EVG is the INSTIs which seem to have a worsen impact on inflammation and 

BT (341). Thus, this could potentially reduce future HIV-related complications 

associated with inflammation. In fact, we have observed that INSTIs-based 

treatments are able to reduce cardiovascular risk markers VCAM-1 and PAI-1 

which could suggest a reduced risk of CVD, as stated in a previous study (404). 

Furthermore, our “small and quite limited” longitudinal study demonstrated the 

ability of these drugs to counteract the HIV-induced inflammatory state, although 

the limited number of patients included in this analysis make difficult to 

extrapolate such results to the whole HIV-infected population. Regarding faecal 

calprotectin, several studies have shown that its concentrations are highly 

correlated with histopathological and endoscopic findings in IBD (405) and, in 

fact, it is used as a measurement of gut permeability and inflammation in IBD 

(405). In our study, we revealed an increase of faecal calprotectin due to HIV-

infection that was completely reversed after INSTIs-based treatment. These 

results are in contrast with those from Eckard et al., 2021 (406) and Ancona et 

al., 2021 (407), who did not detect a recovery of faecal calprotectin levels after 

ART. These differences could be due to the different treatment used, what could 

suggest a strong protective role of INSTIs-based treatments in terms of gut 

permeability. Furthermore, calprotectin is a very good marker of the “intestine 

state” (405) and our results suggest a recovery at this level after INSTIs-based 



 

133 

 

treatment, which seems to be associated with the effects observed at systemic 

level with markers of BT, inflammation, and cardiovascular risk. 

 Our results have also showed that HIV infection reduces bacterial 

richness/diversity, as previously demonstrated (408), whereas ART based on 

INSTIs was able to counteract this process. These results mimic those previously 

observed by our group with RAL (270) and, therefore, point towards a similar 

trend in all INSTI-based regimens, confirming a class effect irrespective of the 

drug used. However, long-term suppressive INSTI-based ART was not able to 

completely restore the compositional changes induced by HIV-infection on gut 

and only partial improvements were observed. Thus, HIV infection was 

associated with an increase in Aeromonadales order (phylum Proteobacteria) 

mainly triggered through the increase in genus Succinivibrio (Aeromonadales 

order constitutes 0.23%-26.78% of the bacterial reads and Succinivibrio genus 

until 26.78%). This increase was not reversed by the INSTIs and should be 

studied in depth in the future given the fact that previous studies suggested that 

Succinivibrio could be associated with defects in gastrointestinal functions such 

as diarrhoea and abdominal pain (409–412). However, none of the patients 

included in our study reported such problems. Our results also showed an 

increase of Prevotella 2 (phylum Bacteroidetes) associated with HIV-infection, 

which was not present in INSTIs-treated patients, suggesting a partial recovery 

after treatment. This increase observed in Prevotella could be associated with the 

elevated inflammation observed in naive patients since increased Prevotella 

abundance is associated with augmented Th17‐mediated mucosal inflammation, 

which is in line with the marked capacity of Prevotella in driving Th17 immune 

responses in vitro. Furthermore, Prevotella stimulate epithelial cells to produce 

interleukin 8 (IL‐8), IL‐6, and C-C motif chemokine ligand 20 (CCL20), which can 

promote mucosal Th17 immune responses and neutrophil recruitment (413). 

Thus, these results could suggest that HIV increases inflammation (confirmed by 

the increase in serum TNF-α levels and also at gut level based on calprotectin 

data) and INSTI-based treatments are able to improve this pro-inflammatory 

effect at gut and systemic level through the modulation of this bacterial genus. 

However, more studies are needed in this regard. On the other hand, 
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Verrucomicrobia phylum and Erysipelotrichaceae UCG-003 genus (phylum 

Firmicutes) were decreased in the naive group. In this context, Akkermansia 

muciniphila belonging to phylum Verrucomicrobia has been reported to be a 

sentinel for gut permeability having benefits in HIV-infected people (414), so 

probiotics based on Akkermansia muciniphila could have a positive effect on HIV-

infected patients in terms of gut health. Moreover, an increase in Spirochaetes 

and Cyanobacteria phyla and a decrease in Bacteroidetes and Actinobacteria 

phyla were observed in INSTIs-treated patients when compared to uninfected 

individuals. These effects were not observed in naive patients, at least at phylum 

level, suggesting a direct effect of INSTIs. There are few studies analysing the 

relation of these phyla and HIV infection, but recent studies have shown that 

spirulina and other compounds extracted from Cyanobacteria can alleviate 

oxidative stress and inflammation in aspirin-induced gastric ulcer in mice (415) 

and could even exert anti-HIV activities (416). Thus, the increase observed after 

INSTIs-based treatment could be of great interest from a clinical point of view 

although more studies are needed. Besides, Bacteroidetes phylum has been 

reported to include some significant clinical pathogens (417) and has also been 

found to decrease in INSTI-treated patients in other studies (270,334), which 

corroborates our results. Regarding Actinobacteria, this phylum includes some 

genera with beneficial properties to human health such as Collinsela, related to 

butyrate production (418), and Bifidobacterium, which has numerous positive 

health benefits (419). Thus, the slight decrease observed in INSTIs-treated 

patients compared to controls should be further address in depth.  

 On the other hand, our study showed a decrease in the concentration of 

acetic acid, butanoic acid, pentanoic acid (valproic acid), and hexanoic acid 

(caproic acid) in HIV-infected subjects, including both naive and INSTIs-treated 

patients. These SCFAs are generated by the fermentation of dietary fibers by GM 

and evidence indicates that are key players in regulating beneficial effects on GM 

and health (420). Specifically, a study revealed that acetic acid suppresses 

colonic inflammation in germ-free (GF) mice (421) and butanoic acid has also 

been demonstrated to exert important actions related to cellular homeostasis 

such as anti-inflammatory, antioxidant, and anti-carcinogenic functions (422). On 
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the other hand, hexanoic acid has revealed anti-inflammatory effects and a role 

in maintaining the integrity of the gastrointestinal epithelial barrier through 

regulation of mucus production and tight junction expression (423), and was 

previously shown to protect against dysbiosis and expansion of pathogenic 

bacteria in animal (424). The fact that levels of these SCFAs are not restored 

after INSTIs-based treatments is interesting and should be studied to evaluate if 

a longer treatment is able to restore them and the implications for health.  

 Our study revealed that in stools collected from controls and HIV-infected 

patients, most of the viral reads and contigs belonged to phages, while eukaryotic 

viruses were less abundant. These findings are in line with previous studies that 

highlight that bacteriophages are the vast majority of the viral component in the 

human gut (425). The lack of differences in α and β-diversity of eukaryotic viruses 

could be due to the low number or reads obtained belonging to these viruses. 

However, a slightly non-significant tendency of a decreased richness and 

diversity in naive patients compared to the controls were observed, along with a 

partial recovery after INSTIs-based treatments although it did not reach statistical 

significance Our results also revealed that plant and fungal infecting viruses 

(mainly members of the Virgaviridae) were the most abundant eukaryotic viruses, 

followed by small circular viruses and animal infecting viruses, suggesting that 

most of the eukaryotic viruses are diet derived. These results differ from those 

obtained by Monaco et al., 2016 (358), who reported that Adenoviridae, 

Anelloviridae, Circoviridae, and Papillomaviridae viruses, all of them animal 

infecting viruses, were the most abundant eukaryotic viruses in the enteric virome 

of HIV-infected subjects. However, they only analysed DNA viruses, so their viral 

community is quite different from ours, in which we have included both DNA and 

RNA viruses. Besides, the HIV cohort analysed in Monaco´s study was different 

from ours in terms of lifestyle, diet, age, ART, and treatment duration (33.27 ± 

5.04 months vs. 6.7 years), all of them factors that could have a significant impact 

on GM profile. 

Regarding bacteriophages, a significant decrease in Observed features 

and Fisher’s alpha indexes was observed in naive patients compared to 
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uninfected controls. However, INSTIs-based treatment was able to reverse such 

decrease, since no significant differences were observed among treated patients 

and the control group. These results are contrary to those obtained by Monaco 

et al., 2016 (358), who reported no significant differences in Richness or Shannon 

index of bacteriophage families or genera by HIV infection or treatment status. 

The differences among both studies could be due to several factors associated 

with the population recruited and described before and by the fact that only DNA 

viruses were analysed in the study of Monaco et al., 2016 (358), whereas we 

have included both DNA and RNA viruses. In fact, phages can be DNA and RNA 

viruses, therefore, our study is more similar to reality because it assesses the 

viral community as a whole. However, another very important factor (often 

overlooked) could be the difference in the bioinformatics approaches carried out. 

In fact, we have used several recently developed state-of-the-art phage analyses 

tools (described in Methods section). This might also explain the identification of 

a different clustering pattern of HIV-infected patients that has not been shown 

before. A direct correlation between most of the α-diversity indexes from gut 

bacteriome and those from phages has been observed in our study. These 

correlations might be explained by the fact that the activation of immune system 

triggered by HIV infection could have as “targets” both gut bacteria and viruses. 

However, our results differ from those obtained by Monaco et al., 2016 (358), but 

the differences could be due to fact that they only analysed DNA viruses and we 

have included both DNA and RNA viruses, so the communities studied are very 

different as we studied viral community as a whole.  

Our study has also showed a statistically significant increase in 

Caudoviricetes class in naive patients compared to the control group. 

Caudoviricetes are double strand DNA phages that have been revealed to be 

increased in IBD (426). Therefore, the increase observed in Caudoviricetes class 

might be associated to, or be responsible for, the increased inflammatory state 

and gut permeability (measured through fecal calprotectin levels) observed in 

HIV-infected patients that is abolished after INSTI-based treatment (427). Thus, 

the role of this viral class deserves more attention in the context of HIV infection, 

inflammation, and gut permeability. On the other hand, we observed a statistically 
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significant decrease in members of the Malgrandaviricetes class (containing 

circoviruses) in INSTIs-treated patients, although, -up to date- their physiological 

meaning is unknown. Thus, more studies are needed in order to determine the 

role of this phage class in the gut in the context of HIV infection and INSTIs-based 

treatment. Interestingly, we observed an increase in lysogenic phages related to 

HIV-infection that was not reversed by INSTIs-based treatments. Our hypothesis 

is that inflammation triggered by HIV-infection creates a stressful state in the 

enteric environment that, by one side reduces bacteriome α-diversity (427); and, 

on the other side, induces a selection in phages towards lysogenic profiles since 

lytic virions have more difficulties to find a new bacterial host to infect. In addition, 

these effects were not reversed by INSTIs-based treatments, so more studies are 

required to analyse the possible clinical implications of such findings. We have 

also revealed for the first time a significant decrease in Proteobacteria-infecting 

phages in HIV-infected patients, which was not restored by INSTIs-based 

regimens. These results are very interesting because they correlate with the 

increase observed in some Proteobacteria taxonomical orders (specifically 

Aeromonadales order and Succinivibrio genus) observed in naive patients (427). 

These associations among bacteriome and virome are noteworthy since are 

based on the same individuals (and same samples) and suggest a close 

interrelationship among bacteriome and virome. In fact, the increase observed in 

some Proteobacteria taxonomical orders in naive patients could be associated 

with the decrease revealed in several Proteobacteria-infecting phages. Thus, a 

phage therapy focused on decreasing Succinivibrio presence (from 

Proteobacteria order) could be an interesting “weapon” to improve the quality of 

life of these HIV-infected patients since previous studies suggests that 

Succinivibrio could be associated with defects in gastrointestinal functions, such 

as diarrhoea and abdominal pain (409–412). 

Regarding salivary bacterial composition, our study was unable to detect 

differences in α nor β-diversity among the three groups analysed. Similarly to our 

results, Presti et al., 2018 (367) were unable to detect differences in α nor β-

diversity between the naive group and ART-treated group (treated with 

EFV/FTC/tenofovir(TDF)). Similarly, Imahashi et al., 2021 (369) did not show 
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either differences in species richness between HIV negative people and ART-

treated HIV-infected subjects. In contrast, Li et al., 2021 (428) revealed a 

statistically significant decrease in Chao1 index and Shannon index between the 

naive group and the control group and also a different clustering between both 

groups. The differences could be explained by the fact that the populations 

among both studies were different. In fact, in the study of Li et al., 2021 (428), 

only HIV-infected MSM patients from Beijing were included, whereas in our study 

the percentage of MSM were 60.00% in the naive group and only 46.67% in the 

ART-treated group. In addition, only 15 HIV-infected patients in our study were 

not Caucasians. Thus, it will be needed to clarify the potential influence of the 

origin of subjects (in terms of dietary habits) and/or the sexual orientation and 

mode of transmission of HIV-infection in the composition of oral microbiota in the 

context of HIV infection. In addition, the hypervariable regions of the 16S rRNA 

gene analysed were also different between both studies (V4-V5 vs. V3-V4 in our 

study). In fact, and taking into consideration the well-known impact of HIV on 

GALT, it seems reasonable to detect more differences in gut bacteriome rather 

than on saliva. However, some taxa were increased in the naive group and in the 

INSTIs-treated group compared to controls. The three most abundant phyla were 

Bacteroidetes, Firmicutes, and Proteobacteria, which correlates with the results 

from Li et al., 2021 (428) and Presti et al., 2018 (367). The clinical impact of these 

increases should be deeply evaluated. 

 Finally, it is important to note that this study has some limitations. Some of 

the patients were recruited during COVID-19 pandemic. However, none of them 

reported symptoms related to COVID-19 before sample collection and they were 

not vaccinated in the previous month. In fact, reads belonging to Coronaviridae 

family were not detected in any of the samples collected, so the effects observed 

could be attributed only to HIV infection and/or ART status. Besides, the number 

of patients in each group is small (what increases the probability of type-II error), 

but it was big enough to detect differences between groups, similarly as what has 

been observed in other studies (349,353). Moreover, some differences between 

the controls and the HIV-infected groups were detected, such as gender, age, 

and smoking habits, all of them factors that could have an impact on GM. 
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However, the two HIV-infected groups were well-balanced in terms of these 

factors, so the differences observed between them will be independent from 

these factors and could be attributed to INSTIs-based treatments. In addition, 

when the control group was compared with all HIV-infected patients (both naive 

and INSTIs-treated together) no statistically significantly differences were 

observed in age. Moreover, we performed a study comparing the 

control/uninfected group vs. naive group controlled by age (splitting into two 

groups, “young” and “aged”, according to the median age of the population (38 

years)) and only differences were observed on β-diversity, suggesting that age 

could be a factor that could have a specific impact on gut virome composition 

although not very strong. However, since the “aged” group only included 3 naive 

patients from a total of 19, (therefore, the aged group was constituted by almost 

all treated subjects), the potential role of HIV infection more than age per se could 

be the responsible for such actions. However, more studies with larger cohorts 

are needed to elucidate the impact of age on gut bacteriome and virome in HIV-

infected people. Patients fulfilled a survey focused on dietary habits/patterns to 

detect those habits that could have an impact on microbiota, such as veganism 

or excessive consumptions of prebiotics and/or probiotics. None of the patients 

reported such habits. Finally, the lack of studies carried out in the field of human 

gut virome makes difficult to compare our results with others. However, we 

believe that this is more a strength than a limitation, as we contribute to give light 

to a very exciting and novel field that enrich the knowledge of bacteriome in HIV 

infection. 

 To sum up, our study demonstrates that INSTIs, as part of the first-line 

regimen in treatment-naive individuals, resist and partially restore the actions of 

HIV infection on BT, subsequent systemic immune, and gut permeability. Thus, 

INSTIs-based regimens could minimize the disease progression and 

development of future age-related complications such as CVD. Our study also 

demonstrates that HIV infection has a direct impact on gut bacteriome and virome 

(bacteriophages and eukaryotic virus abundances), whereas INSTIs-based 

treatments were able to mildly reverse these effects, especially on α-diversity 

indexes, probably because of the strong effects induced by the virus per se. In 
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contrast, HIV-infection and/or INSTIs-based treatments exerted mild effects on 

salivary bacterial composition.  

In general, our results could serve as a first step for future development of 

coadjuvant therapies (based not only on probiotics/prebiotics but also on phage 

therapies and/or fecal transplantation) to reduce gut dysbiosis in HIV-infected 

patients and, therefore, to improve the inflammatory state associated with the 

infection and the long-term consequences of such state. This will undoubtedly 

improve the health and quality of life of HIV-infected patients.  
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7. CONCLUSIONS 

1- INSTIs-based treatments were able to reverse the impact of HIV 

infection on markers of bacterial translocation (sCD14 and LBP), systemic 

inflammation (TNF-α), cardiovascular risk (VCAM-1 and PAI-1), and gut 

permeability (calprotectin). 

2- INSTIs-based treatments were also able to reverse the impact of HIV-

infection on several indexes of α-diversity from gut bacteriome (Observed 

features and Chao1 index). However, their effects on gut bacteriome composition 

were not so marked. 

3- Our study confirms that the results previously obtained with raltegravir 

on gut bacteriome can be partially extrapolated to novel INSTIs-based 

treatments. 

4- Neither HIV-infection nor INSTIs-based treatment had statistically 

significant effects on the composition of eukaryotic viruses. 

5- HIV infection had a significant impact on phages’ α-diversity (Observed 

Features and Fisher’s alpha), β-diversity, differential abundance (some phage 

taxonomical orders differentially represented), lifecycle (increase of lysogenic 

phages) and host prediction. 

6- INSTIs-based treatment was able to reverse the effects of HIV infection 

on phages’ α-diversity and on the abundance of some phage taxonomical orders. 

7- Neither HIV infection nor INSTIs-based treatment exerted a statistically 

significant impact on α or β-diversity from oral bacteriome. However, some 

statistically significant differences were observed in the abundance of some 

bacterial taxonomical orders. 

To sum up, our work describes for the first time the impact of HIV infection 

and, especially, the actions of INSTIs-based treatments, on gut bacteriome and 
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virome and on oral bacteriome. These results and the conclusions arisen 

corroborates the good profile described for INSTIs in the treatment of naive HIV-

infected patients and could suggest a protective role on the disease progression 

and in the appearance of future age-related complications such as cardiovascular 

events. In addition, our research represents a “starting point” to understand the 

interactions between gut bacteriome and virome. The fully knowledge of such 

interactions could allow the development of coadjuvant therapies based on 

microbiota modulation (prebiotics, probiotics, phage therapy, faecal 

transplantation…) to improve the prognosis and quality of life of these patients. 
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8. CONCLUSIONES 

1- El tratamiento basado en INIs fue capaz de revertir el impacto de la 

infección por el VIH sobre marcadores de translocación bacteriana (sCD14 y 

LBP), inflamación sistémica (TNF-α), riesgo cardiovascular (VCAM-1 y PAI-1) y 

permeabilidad intestinal (calprotectina). 

2- El tratamiento basado en INIs fue capaz de revertir el impacto de la 

infección por el VIH sobre la α-diversidad (Observed features y Chao1 index) del 

bacterioma intestinal. Sin embargo, sus efectos sobre la composición del 

bacterioma intestinal no fueron tan acusados. 

3- Nuestro estudio confirma que los resultados obtenidos previamente con 

raltegravir sobre el bacterioma intestinal pueden ser parcialmente extrapolados 

a los actuales INIs. 

4- Ni la infección por VIH ni los tratamientos basados en INIs tuvieron 

efectos estadísticamente significativos sobre la composición de los virus 

eucarióticas.  

5- En cuanto a los fagos, la infección por el VIH tuvo un impacto sobre la 

α-diversidad (Observed features y Fisher’s alpha), la β-diversidad, la abundancia 

diferencial (algunos órdenes taxonómicos de fagos diferencialmente 

representados), el ciclo de vida (incrementos de fagos lisogénicos) y la 

predicción del anfitrión.  

6- Los tratamientos basados en INIs fueron capaces de revertir los efectos 

sobre la α-diversidad y sobre la abundancia de algunos órdenes taxonómicos de 

fagos. 

7- Ni la infección por el VIH ni el tratamiento basado en INIs tuvo un 

impacto estadísticamente significativo sobre la α o la β-diversidad del bacterioma 

oral. Sin embargo, se observaron algunas diferencias estadísticamente 
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significativas en la abundancia diferencial (algunos órdenes taxonómicos 

bacterianos diferencialmente representados). 

En conclusión, nuestro trabajo describe por primera vez el impacto de la 

infección por el VIH y, especialmente, las acciones de los tratamientos basados 

en INIs, sobre el bacterioma y el viroma intestinal y sobre el bacterioma oral. 

Estos resultados y las conclusiones obtenidas corroboran el buen perfil descrito 

para los INIs en el tratamiento de pacientes VIH naïve y podrían sugerir un efecto 

protector en la progresión de la enfermedad y en el desarrollo de futuras 

complicaciones relacionadas con la edad como los eventos cardiovasculares. 

Además, nuestra investigación representa un “punto de partida” para entender 

las posibles interacciones entre el bacterioma y el viroma intestinal en estos 

pacientes. El completo entendimiento de estas interacciones podría permitir el 

desarrollo de terapias coadyuvantes basadas en la modulación de la microbiota 

(prebióticos, probióticos, terapia con fagos, trasplante fecal…) para mejorar la 

calidad de vida de estos pacientes. 
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