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Abstract

Background—Abnormally high levels of T-cell activation can persist in HIV-infected subjects 

despite effective anti-retroviral therapy (ART) and has been associated with negative health 

outcomes. The nature of the antigenic drivers or other causes of this residual T-cell activation 

remain uncertain. Anelloviruses are universally acquired soon after birth, resulting in persistent 

viremia, and considered part of the commensal human virome. Reduced immunocompetence 

results in increased anellovirus levels.

Objectives—To test whether increased levels of anelloviruses or other viruses in plasma are 

associated with higher levels of persistent T-cell activation during ART.

Study design—Two amplification methods combined with next generation sequencing were 

used to detect all viruses and estimate relative anellovirus levels in plasma from 19 adults on 

effective ART who exhibited a wide range of T-cell activation levels.

Results—Nucleic acids from HBV and HCV were detected in one patient each while pegivirus 

A (GBV-C) was found in three patients. Anellovirus DNA was detected in all patients with some 

individuals carrying up to eight different genotypes. Specific anellovirus genotypes or higher level 

of co-infections were not detected in subjects with higher levels of T-cell activation. No 

association was detected between relative plasma anellovirus DNA levels and the percentage of 

activated CD4 or CD8 T cells.

Conclusions—Human anelloviruses were detected in all HIV suppressed subjects, exhibited a 

wide range of viremia levels, and were genetically highly diverse. The level of persistent T-cell 

activation was not correlated with the level of viremia or genotypes present indicating that 
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anellovirus antigens are unlikely to be a dominant source of antigens driving chronic T-cell 

activation.

Keywords

Anellovirus; Torque teno virus; Virome; HLA-DR+CD38+; T-cell activation; HIV

1. Background

Activated T cells, identified by expression of CD38 and HLA-DR, are strongly implicated in 

the pathogenesis and disease progression of HIV infection [1–5]. The mechanisms 

underlying the persistent T-cell activation among virally suppressed HIV-infected subjects 

are not known but immune stimulatory microbial products from the microbiome in the gut 

are thought to be involved [6,7]. Chronic CMV infection has also been implicated [5]. Here 

we tested whether the presence or concentration of other human plasma viruses could be 

correlated with the highly variable levels of T-cell activation seen in HIV suppressed 

patients.

The most common human viruses detected in human plasma are anelloviruses, which are 

non-enveloped, small icosahedral viruses with a single-stranded negative-sense circular 

DNA genome of ~2–4 kb [8]. The Anelloviridae family is composed of nine (Alpha-

Iotatorquevirus) and three putative genera (Kappa-Mutorquevirus) infecting a wide range of 

mammals including humans, chimpanzees, rhesus macaques and African green monkeys [9–

15]. Anelloviruses are generally considered non-pathogenic, commensal, infections with the 

possible exemption of a porcine anellovirus when co-infecting with other viruses [16,17]. A 

sea mammal anellovirus was also associated with an unexplained mortality event in 

California sea lions [18]. In humans anellovirus infections occurs early after birth resulting 

in chronic viremia, fecal shedding, and frequent co-infections with different variants [9,19–

26]. Three out of the nine genera are known to infect humans: Alphatorquevirus also known 

as torque teno virus (TTV) or Sen virus; Betatorquevirus, also known as torque teno mini 

virus (TTMV); and Gammatorquevirus also known as torque teno midi virus (TTMDV). 

Each of these human anellovirus genera are highly diverse and can be further divided into 

groups made up of multiple species [8,27,28]. Alphatorquevirus (TTVs) are currently 

classified into five major phylogenetic groups subdivided into a total of 29 species, based on 

the cutoff value of 35% nucleotide sequence identity of the major open reading frame 

1(ORF1) as determined by ICTV [8,29].

Plasma levels of anelloviruses appear to be negatively correlated with the level of host 

immune competency [30–32]. HIV-infected individuals showed higher detection rate and 

estimated titer of human anelloviruses than healthy blood donors [33–35]. Anellovirus loads 

were higher in HIV-infected individuals with low versus high CD4+ T-cell counts [31,36–

38]. For HIV-infected individuals on antiretroviral therapy (ART), the improved immune 

status led to a decrease of the TTV viral load and number of TTV genogroups in the serum 

[39,40]. Anellovirus levels increases in both plasma and bronchoalveolar lavage with the 

level of immune suppression in transplant patients [30,32]. Critically ill patients with sepsis 

also show an increase on anellovirus viremia [41].
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2. Objectives

Although ART is able to restore CD4+ T-lymphocyte levels, high level of both CD4+ and 

CD8+ T-cell activation (measured by expression of HLA-DR and CD38 on T-cells) persist 

despite sustained HIV suppression. Persistent T-cell activation is associated with higher risk 

of morbid non-AIDS events [1,4,42]. The nature of the antigenic or other stimuli thought 

responsible for such T-cell activation during untreated or treated HIV disease remains 

uncertain although increased microbial translocation of bacterial products into the plasma of 

HIV positive subjects have been reported as T-cell pro-inflammatory signals [42–45]. As the 

mechanisms of persistent T-cell activation may give insights into a clinically important 

feature of HIV disease we tested whether increased levels of replication by other viruses 

could also be associated with higher levels of T-cell activation following successful HIV 

viremia control using ART.

3. Study design

3.1. Study subjects

HIV-infected subjects were sampled retrospectively from the UCSF-based SCOPE Cohort 

(Table 1). To be included in this study, the subjects had to have ART-mediated viral 

suppression with plasma HIV RNA levels below the level of detection (<50 copies/ml). 

Nineteen subjects were further selected according to the percentages of activated T cells 

(HLA-DR+ CD38+ CD3+ CD4+ or CD8+) in their peripheral blood mononuclear cells, 

identified by four-color flow cytometry (Epics XL flow cytometer, Beckman Coulter). The 

percentage or expression level of other surface markers on T cells were also measured 

including CCR5, PD-1, CD45RA and CCR7 (Table S1). The age range was 37–57 years 

(mean 47.8 ± 5.1 years), with a male/female ratio of 17/2. The plasma samples were stored 

at −80 ºC.

3.2. Nucleic acid extraction and M13 phage spike

Plasma samples collected in EDTA were processed as previously described [46]. Briefly, 

plasma sample was clarified by centrifugation at 13,000 × g for 5 min. Then 3 × 106 pfu of 

M13-KE phage (diluted from a 1.0 × 1013 pfu/ml stock from New England Biolabs) was 

added to 250 μl of plasma supernatant. The plasma was then filtered through a 0.45 μm filter 

(Millipore) to remove any remaining large cellular debris. The viral-particle containing 

filtrate was then digested with a mixture of DNases and RNases to remove unprotected 

nucleic acids [46]. Viral nucleic acids were then extracted using the QIAamp viral RNA 

Mini kit (Qiagen) and re-suspended in 60 μl water plus 40U of RNase inhibitor (Fermentas) 

and stored at −80 ºC.

3.3. NGS Library preparation and sequencing

Viral DNA was amplified by rolling circle amplification (RCA) using the TempliPhi 100 

Amplification Kit (GE Healthcare). Briefly, 1 μl of Qiagen nucleic acid extract plus 5 μl of 

the kit sample buffer was heated to 95 ºC for 3 min, cooled on ice, and 5 μl of the kit 

reaction buffer and 0.2 μl of Enzyme mix (Phi29 DNA polymerase) added. The RCA 

reaction was incubated at 30 ºC for 16 hrs, followed by heat-inactivation at 65 ºC for 10 min. 
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Random RT-PCR amplification (RA) was also employed to amplify viral RNA and DNA as 

previously described [46]. Viral cDNA synthesis was performed by incubation of 10 μl 

extracted viral nucleic acids with 100 pmol of a primer containing a fixed 18 bp sequence 

plus a random nonamer at the 3′ end (GCCGACTAATGCGTAGTCNNNNNNNNN) at 85 

ºC for 2 min. Then, 200U SuperScript III reverse transcriptase (Invitrogen), 0.5 mM of each 

deoxynucloside triphosphate (dNTP), 10 mM dithiothreitol, and 1 × first-strand extension 

buffer were added to the mixture and incubated at 25 ºC for 10 min, followed by 50 ºC 

incubation for 1 h. The 2nd strand DNA synthesis was performed by incubation with 50 

pmol of random primer at 95 ºC for 2 min, 4 ºC for 2 min, and then with 5U Klenow 

Fragment (New England Biolabs) at 37 ºC for 1 h. The resulting products were PCR 

amplified by using 5 μl of the RT-Klenow DNA products and 2.5 μM primer consisting of 

the fixed 18 bp portion of the random primer (GCCGACTAATGCGTAGTC) with 1U 

AmpliTaq Gold DNA polymerase (Life Technologies), 2.5 mM MgCl2, 0.2 mM dNTPs, and 

1 × PCR Gold buffer in a reaction volume of 50 μl. Temperature cycling was performed as 

follows: 1 cycle of 95 ºC for 5 min, 30 cycles of denaturing at 95 ºC for 30 s, 55 ºC for 30 s, 

72 ºC for 1.5 min. An additional extension for 10 min at 72 ºC was added to the end of the 

run. Both RCA and RA products were then purified by QIAquick PCR Purification Kit 

(QIAGEN) and eluted in 30 μl of water. For each sample, ~5 ng (determined by Nanodrop) 

of the RCA or RA DNA product was used as input for the construction of DNA libraries 

using Nextera XT DNA sample preparation kit (Illumina). The quality of the libraries was 

assessed by 2100 Bioanalyzer (Agilent Technologies) and quantified by KAPA Library 

Quant Kit (Kapa Biosystems) following the manufacturer’s instructions. The resulting 

libraries were then sequenced by two runs using the MiSeq Illumina platform (2 × 250 cycle 

and 2 × 300 Illumina MiSeq Reagent Kit v2 for the RCA and RA generated DNA 

respectively). Each of the 19 individual samples in each library was labeled with unique dual 

barcodes.

3.4. Sequence analysis

Sequence reads were processed by our viral identification pipeline [47,48]. Human host 

reads and bacterial reads were first subtracted by mapping the reads to human reference 

genome hg19 and bacterial RefSeq genomes release 66 using bowtie2 [49]. Reads were 

considered duplicates if 5 bp to 55 bp from 5 prime end is identical and one random copy of 

duplicates was kept. Low sequencing quality tails were trimmed using Phred quality score 

10 as the threshold. Adaptor and primer sequences were trimmed using the default 

parameters of VecScreen [50]. These cleaned reads were de-novo assembled using 

EnsembleAssembler [47]. The assembled contigs, along with singlets were aligned to an in-

house viral proteome database using BLASTx using E-value cutoff 10−5. The significant 

hits to virus were then aligned to an in-house nonvirus- non-redundant (NVNR) universal 

proteome database using BLASTx. Hits with more significant adjusted E-value to NVNR 

than to virus were removed. The anellovirus reads identified in the RCA run were further 

assembled by using CLC Genomics Workbench (CLC bio) and SPAdes Genome Assembler 

[51]. Contigs longer than >1500 bp were examined by the open reading frame (ORF) finder 

(NCBI), searching for the putative >500 aa anellovirus ORF1. The encoded protein 

sequences (>500 aa) were aligned by ClustalW with the default settings. Phylogenetic 

Li et al. Page 4

J Clin Virol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyses based on aligned aa sequences were generated by the neighbor-joining method in 

MEGA, using aa p-distances, with 1000 bootstrap replicates.

3.5. Statistical analysis

The statistical analysis was performed using the non-parametric Spearman correlation 

coefficient and Wilcoxon signed-rank significant tests by Stata/MP software (version 14.0, 

StataCorp, College Station, TX). All a priori significance levels were set at p < 0.05.

4. Results

4.1. Deep sequencing with rolling circle amplification versus random amplification

The 19 plasma samples pre-amplified by RCA and the RA method were deep sequenced 

using two MiSeq runs. The RCA run generated a total of ~24 million reads (mean 1.3 ± 0.3 

million/sample), while the RA run produced ~23 million reads (mean 1.2 ± 0.2 million/

sample). The resulting sequence contigs and singlets were compared to the viral reference 

database using BLASTx search with an E-value cutoff of 10−5. M13 bacteriophage with a 

circular ssDNA genome of ~7 kb was spiked into each plasma sample before extraction to 

function as an indicator of the amplification of circular ssDNA genomes of anelloviruses. 

Each sample in the RCA run had an average of 43,000 ± 9000 M13 reads, and the samples 

in the RA run had an average of 68,000 ± 26,000 M13 reads. The RCA and RA MiSeq raw 

sequence data including barcodes for each nineteen subjects were deposited in GenBank 

Sequence Read Archive under accession number SRP059897. In the RA run, the anellovirus 

sequences were identified in 16/19 subjects, with an average of 172 reads (range: 0–727 

reads), while in the RCA run, the anellovirus sequences were identified in all 19 subjects, 

with an average of 2058 reads (range: 2–11,158 reads) (Fig. 1A, B). The numbers of 

anellovirus reads obtained by RCA run were significantly higher than those by RA run 

(Wilcoxon signed-rank test, p = 0.0001), and there was a moderate correlation between the 

numbers of anellovirus reads obtained by RCA run and those by RA run (Spearman rho = 

0.68, p = 0.0014, Fig. S1).

4.2. Other viruses detected

By comparing translated sequences with proteins of known eukaryotic viruses, the RCA run 

detected viral sequences related to anelloviruses and human hepatitis B virus (HBV), both 

viruses with circular DNA genomes preferentially amplified by RCA. The RA run revealed 

DNA and RNA viral sequences including anellovirus, human hepatitis B virus (HBV) as 

well as single stranded RNA genomes in the Flaviviridae family from human hepatitis C 

(HCV) virus and GB virus C (GBV-C) with single stranded RNA genomes. Of the 19 

selected subjects, three had moderate to high level of GBV-C infections (2000–70,000 

reads), one had high titer HCV infection (>20,000 reads), and one had high titer HBV 

infection (>20,000 reads) (Fig. 1C). No HIV reads were detected as expected from their 

undetectable HIV viremia (Table 1).

4.3. Relative quantitation of anelloviruses and association with T-cell activation

The anellovirus read numbers obtained by RCA and RA methods were normalized 

according to total raw reads and M13 phage reads (Table S2 & S3). The anellovirus reads 
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obtained by both RCA and RA run (both original and normalized) showed no significant 

association with either CD4+ or CD8+ T-cell counts and the percentage of activated CD4+ 

or CD8+ T cells (HLA-DR+ CD38+ CD3+) (Spearman correlation, p > 0.05). The 

anellovirus reads numbers also showed no significant correlation with the percentage or 

expression intensity of other surface markers on T cells including CCR5, PD-1, CD45RA 

and CCR7 (Spearman correlation, p > 0.05) (data not shown).

4.4. Genetic diversity of anelloviruses

We used reads from the RCA run to generate contigs covering a large fraction of the 

anellovirus genomes in different subjects. Forty-six contigs could be generated with 

translated ORF1 protein > 500 aa (covering >70% of the complete anellovirus ORF1) from 

15/19 subjects. Phylogenetic analysis of human anellovirus ORF1 protein sequences showed 

these 46 sequences to be distributed among the three human anellovirus genera (Alpha, Beta 

and Gamma), including 4 out of 5 of the major phylogenetic groups of Alphatorquevirus and 

a recently proposed Alphatorquevirus 6 group (Fig. 2).

The Alphatorquevirus group 3 was the most prevalent genetic group with 18 strains detected 

in 9 subjects, followed by Betatorquevirus with 8 strains detected in 6 subjects and 

Alphatorquevirus group 1 with 6 strains found in 6 subjects. No sequences were 

phylogenetically assigned to Alphatorquevirus group 2. The subjects P15, P9, P1 and P19 

had high degree of anellovirus heterogeneity with 8, 8, 4, 5 strains from 5, 4, 4, 2 genetic 

groups, respectively. Neither the number of strains nor the number of genetic groups 

detected in each subjects showed significant association with CD4+/CD8+ T-cell counts nor 

the percentage of activated T cells (Spearman correlation, p > 0.05).

5. Discussion

Four different viruses were detected including the highly variable anelloviruses. HBV and 

HCV were detected in one patient each and GBV-C in three patients. The small number of 

patients infected with HBV, HCV, and GBV-C precluded testing their association with T-

cell activation levels. Consistent with their well-documented high prevalence in humans, 

anelloviruses were detected in all patients [9,19–26].

Human anellovirus infections are typically detected by PCR targeting conserved regions in 

3′-UTR, ORF1 and ORF2 of the viral DNA genomes [33,39,52,53]. Because of the 

extensive genetic variability among human anelloviruses the efficiency of PCR based 

methods across different genera and species is uncertain. Recently, deep sequencing has 

been used to get an overview of the anellovirus population in the plasma of humans or non-

human primates [9,30–32]. We used two distinct unbiased amplification methods in 

combination with deep sequencing to estimate the relative levels and genetic composition of 

anelloviruses in the plasma of HIV-infected subjects on suppressive ART. RCA is an 

isothermal DNA amplification technique using bacteriophage phi29 DNA polymerase and 

random hexamer primers to preferentially amplify circular single-or double-stranded DNA 

molecules with high fidelity and high amplicon yields and has been used in the identification 

and characterization of many circular DNA genomes [54–56]. The RA method has been 

routinely used to non-specifically amplify both DNA and RNA viral genomes (following 
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randomly primed reverse transcription) to generate DNA for input into deep sequencing 

platforms [46]. Our results showed that the RCA method was more efficient for the 

identification of anelloviruses, generating ~10 times more anellovirus reads on average than 

the RA method. The RA methods also detected RNA viruses that were not amplified by 

RCA.

We tested whether anelloviruses may play a role in the abnormal T-cell activation in HIV-

infected subjects who controlled HIV following effective ART. In the 19 selected subjects, 

neither the relative plasma anellovirus load (as reflected by viral read numbers from RCA 

and RA) nor anellovirus diversity (as reflected by number of different genetic variants) 

showed a significant relationship with the generally high CD4+ (average 441) and CD8+ T-

cell counts or the percentage of activated T cells (HLA-DR+ CD38+ CD3+ CD4+ or 

CD8+). Our results indicated that plasma levels of anelloviruses, a nearly universally 

common chronic human viral infection, do not appear to be a major driving force in the 

stimulation of persistently activated T-cells in these treated HIV positive subjects.

On average a minimum of 2.4 distinct anellovirus were detected (range 0–8) per patient 

including only ORF1 contigs >1500 bases. Neither the numbers of co-infecting 

anelloviruses nor specific phylogenetic groups were associated with higher levels of T-cell 

activation.

The pegivirus A (GBV-C) in the Flaviviridae family has been classified into at least 7 

genotypes with distinct geographical distribution [57]. Here, all three GBV-C detected 

belonged to genotype 2, mostly reported in Europe and North America [57,58]. HCV has at 

least 6 major genotypes consisting of more than 70 subtypes. The HCV we obtained was 

genotype/subtype 1a [59,60] common in North America. HBV has been classified into 10 

genotypes A–J. The HBV identified in this study was genotype G, which has been reported 

in the US [61–63]. The numbers of HBV, HCV, and GBV-C infections detected were too 

small to test possible association with T-cell activation levels.

Treatment of HIV-infected CMV-seropositive patients with valganciclovir has been shown 

to abolish CMV DNA detection and reduce CD8 activation [5]. Despite the frequent 

detection, using PCR, of diverse herpes virus (CMV, EBV, HHV-6, HHV-6) DNA in 

seminal plasma and other biological samples from patients successfully treated for HIV [5], 

we did not detect sequence reads from any viruses in the Herpesviridae family using deep 

sequencing. Despite the ability of our deep sequencing method to detect herpes viruses in a 

positive control reagent [46], the absence of detection seen here may indicates a lower level 

of sensitivity relative to PCR. The preferential association of herpes viruses with cells, and 

the generally low level of immunodeficiency (average CD4 count of 441) of these 

successfully treated (HIV plasma levels <50 RNA copies/ml) patients may also contribute to 

our lack of herpes virus DNA detection in plasma by deep sequencing.

In conclusion this study has demonstrated that human anelloviruses were ubiquitous and 

highly diverse in a cohort of HIV-infected adults on effective ART. High levels of 

anellovirus co-infections were detected. No association was found between estimated 

anellovirus levels in plasma and T-cell activation levels. The higher levels of persistent T-
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cell activation in some subjects may therefore not be attributed simply to higher levels of 

anellovirus replication. It remains possible that anellovirus replication plays only a minor 

role in persistent T-cell activation or that replication in specific tissues such as the liver or 

lymph nodes, which may not be reflected in plasma levels, is more effective at stimulating T 

cell. The faction of T cells specific to these chronic anelloviral infections remains unknown, 

but like the high number of CD8 cells specific to human cytomegalovirus [64–67] could 

make up a significant percentage of the T-cell population.

Supplementary Material
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://

dx.doi.org/10.1016/j.jcv.2015.09.004.
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Fig. 1. 
Influence of activated T-cells (HLA-DR+CD38+ CD3+ CD4+/CD8+) on the abundance of 

anellovirus and other viruses in the plasma viromes of 19 patients. (A) The percentage of 

activated T-cells and the original/normalized anellovirus reads in RCA run (B) the 

percentage of activated T-cells and the original/normalized anellovirus reads in RA run (C) 

the percentage of activated T-cells and the other virus reads in RA run (black square: % 

HLA-DR+ CD38+ of CD3+CD4+; gray triangle: % HLA-DR+ CD38+ of CD3+CD8+; 

columns with diagonal lines: raw anellovirus read numbers; columns with dots: normalized 

anellovirus reads; columns with horizontal lines: other virus reads).
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Fig. 2. 
Phylogenetic analysis of human anellovirus sequences, generated with the protein encoded 

by ORF1 (>500 aa) using neighbor-joining method with p-distance and 1000 bootstrap 

replications. The scale indicates amino acid substitutions per position. Bootstrap values for 

each node were shown if >70%. The three human anellovirus genera, Alphatorquevirus, 

Betatorquevirus and Gammatorquevirus, and 6 phylogenetic genetic groups of 

Alphatorquevirus 1–6 are marked on the tree.
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