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Since the recent application of metagenomic next-generation sequencing (MNGS) techniques to
clinics, Torquetenoviruses (TTV) have received much attention due to their high positive rates.
However, there is an insufficient understanding in clinical settings of the pathogen, especially in
immunocompromised patients. This study explores the clinical characteristics of TTV infection in
immunocompromised patients using mMNGS. We enrolled a total of 120 TTV-infected patients in the
study, including 81 immunocompromised and 39 immunocompetent individuals. The prevalence,
diagnosis, treatment, and co-pathogens were compared between the two groups. The microbial
diversity and presence of co-pathogens in patients infected with Torquetenovirus (TTV) were elucidated
through comprehensive analysis. T-tests compared the normally distributed continuous data. The
immunocompromised patients exhibited significantly elevated TTV loads, and a notable proportion of
these patients also presented with hematopoietic disorders. Importantly, our investigation revealed
that current treatments showed no efficacy against TTV infection.Furthermore, the presence of
copathogens such as Staphylococcus, Bacillus, Mycobacterium, and Acinetobacter was observed in
TTV-infected individuals. Immunocompromised patients exhibited a significantly higher abundance
of Staphylococcus and Shewanella compared to immunocompetent patients (p <0.05). Cautious

use of antiviral therapy is recommended for patients with TTV mono-infection. However, greater
attention should be given to co-pathogens, such as Staphylococcus spp. and Shewanella spp. This
cohort study provides valuable insights into the clinical significance of TTV infection, particularly in
immunocompromised patients. We found that TTV is frequently detected in this population, often
with higher viral loads and an increased burden of co-pathogens. These findings suggest that TTV
may serve primarily as a marker of immune dysfunction rather than as a sole pathogen. Incorporating
TTV monitoring into mNGS-based diagnostics could help identify high-risk patients, support early
intervention, and guide tailored management strategies in immunocompromised settings.
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Torquetenovirus (TTV) is a small, single-stranded circular DNA virus that was first discovered in 1997'. The
virus has a genome size of 3.8 kilobases (kb) and contains at least four open reading frames (ORFs) and several
smaller ORFs. The largest ORF spans from 389 to 2593 base pairs>%. TTV is known to be highly diverse and
can be divided into different genotypes based on more than 30% sequence divergence and different gene groups
based on more than 50% sequence divergence®~”. It has been detected in various organs, tissues, and body fluids,
suggesting that it can infect a wide range of cell types in humans. TTV can be transmitted through multiple
routes, including blood transfusion, fecal-oral, and mother-to-child transmission. It is highly prevalent in the
general population and is considered a part of the human virome®®.
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In general, traditional virus culture methods are time-consuming and labor-intensive, making them
insufficient for timely clinical decision-making. Previous studies have reported cases such as TT'V-associated
aseptic meningitis, where immunological methods were used to detect IgM antibodies against the GP2 antigen
in patient serum, providing indirect evidence of TTV infection!’. This case was cited as a representative example
to highlight the challenges in establishing TTV’s clinical relevance, particularly when its presence is detected in
sterile body sites. However, immunological methods are virus-specific and cannot comprehensively detect all
TTV genotypes. Due to the extensive genetic variability of TTV, traditional PCR methods targeting the ORF
region may miss many strains, while the 5" untranslated region is more conserved and more suitable for primer
design. Despite this, the unclear pathogenicity of TTV has limited the development and clinical adoption of
commercial detection kits'!. In contrast, metagenomic next-generation sequencing (mNGS) offers an unbiased
approach that does not require prior knowledge of the pathogen and is capable of identifying a wide spectrum
of viral populations. Thus, mNGS serves as a promising alternative for investigating the presence and potential
clinical impact of viruses like TTV, including in complex clinical presentations such as aseptic meningitis'2.

With the increasing use of metagenomic next-generation sequencing (mNGS) in clinical settings, Torque teno
virus (TTV) is being detected more frequently, particularly in immunocompromised individuals®. However, its
pathogenic potential and clinical relevance remain uncertain. Current evidence suggests that TTV may be more
prevalent in individuals with impaired immune function, yet its role in disease progression and outcomes has not
been clearly established!>. Moreover, the effectiveness of antiviral therapies against TTV remains unclear, raising
concerns about appropriate clinical management strategies'*~!”. TTV is often detected alongside other bacterial,
viral, or fungal pathogens, complicating interpretation and highlighting the need to consider its interactions
within the broader microbial community. Therefore, this study aims to investigate the relationship between TTV
load and immune status, evaluate the clinical outcomes of TTV infection—especially in immunocompromised
patients—and assess the necessity and focus of antiviral treatment in cases of TTV mono-infection, as well as its
potential utility as a biomarker for immune dysfunction.

Materials and methods

Patient and study design

In this retrospective study, a total of 1,650 patients underwent mNGS testing at Zhujiang Hospital, Southern
Medical University (Guangzhou, China) from June 2019 to June 2022. We enrolled 120 TTV-positive patients
who met the following inclusion criteria: (1) age between 18 and 70 years, regardless of gender; (2) suspected
lower respiratory tract or bloodstream infection; (3) complete testing data and case information. The study was
approved by the ZhuJiang Hospital’s ethics committee (Southern Medical University,2019-KY-029-05).A small
number of patients who did not sign the informed consent were granted a waiver by the ethics committee. In
general, We enrolled 81 immunocompromised patients in total. Besides, there is also a control group of 39
immunocompetent patients with TTV infection enrolled. We set criteria for immunodeficiency: (1) rheumatic
diseases, solid tumors, and hematologic malignancies; (2) long-term systemic corticosteroid use (0.3 mg/kg/
day of prednisone equivalent for 3 weeks) and immunosuppressive medications (including chemotherapy for
malignancies, but excluding corticosteroids); (3) solid organ transplantation; and (4) hematopoietic stem cell
transplantation. The enrollment flowchart of this study is shown in Fig. 1.

Sample collection

3 mL of blood was drawn from patients, prior to plasma separation, the blood sample was placed in a collection
tube and kept at room temperature for 3-5 minutes. Subsequently, it was centrifuged at 4,000 rpm for 10 min
at 4°C, with all processing completed within 8 h of collection. DNA was extracted from 300 uL of plasma using
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Fig. 1. Flow chart of TTV in immunocompromised and immunocompetent groups.
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the TIANamp Micro DNA Kit (DP316, TTANGEN BIOTECH, Beijing, China) following the manufacturer’s
operational manual.

Construction of DNA libraries and sequencing

All clinical samples were used to construct the sequence library after DNA fragmentation, end-repair, adapter-
ligation, and PCR amplification. We used the QubitTM dsDNA HS Assay (Invitrogen, USA) to control the
quality of the DNA libraries. Minimum of 1 ng/uL DNA was required to proceed to library preparation, and
approximately 40-80 ng of DNA was used per sample for sequencing, depending on the sample yield.Single-
stranded circular. DNA nanoballs were produced by rolling circle amplification (RCA) and then loaded on an
MGISEQ-2000 platform for sequencing!.

Bioinformatic analysis

After high-throughput sequencing, the data were processed by quality control, adaptor filtering, and host
sequence removal using Burrows—Wheeler Alignment algorithms. We first used fastp to filter the raw sequencing
data’®. Hisat2 (version 2.2.1), for mapping the reads to the human genome GRCh38 with default parameters,
was used to remove the human reads?. Next, the remaining data were aligned to the Pathogens metagenomics
Database (PMDB), consisting of approximately 16,000 species of bacteria, fungi, viruses, and parasites for
pathogen identification. The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.
nih.gov/genomes/), which provides RefSeqs for taxonomically diverse organisms, including archaea, bacteria,
eukaryotes, and viruses. TTV were specifically quantified as reads per million (RPM) of the total reads in
the library. Other microbial species were identified based on the analysis of the clean reads by Kraken2?!. A
microorganism was considered positively detected with 2 than 2 reads remained after normalization of 120
samples. The detection was consistent with the patient’s clinical symptoms and presentation.

For microbial diversity analysis, alpha diversity (Shannon’s index, Simpson index and Richness), beta diversity
(principal coordinate analysis, PCoA) based on Bray-Curtis metrics were generated by R (version 4.2.2). Venn
diagram showing the number of common and unique OTUs between the two groups was made by online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/).

Statistical analysis

Data were processed using SPSS 23.0 software version 9.4 (SAS Institute, Inc., Cary, NC, USA). Categorical
variables were compared using the Chi-square or Fisher’s exact test. Normally distributed data were analyzed
with the Student’s t test, and non-normally distributed data with the Mann-Whitney U test. P-values <0.05 were
considered statistically significant.

Results

Clinical characteristics, laboratory examination, and diagnosis of TTV immunocompromised
patients

The clinical characteristics are presented in Table 1. The immunocompetent group was older, with no significant
gender differences. In the routine blood tests, the leukocyte count in the immunocompetent group was
significantly higher than that in the immunocompromised group (p <0.001). However, the neutrophil count
was higher in the immunocompetent group. There were no significant differences in lymphocyte count.
Regarding TTV-associated conditions, we also focused on fever, pneumonia, bloodstream infections, and
hepatitis. Pneumonia showed no significant differences between the groups, while hepatopathy diseases showed

Immunocompetent

Immunocompromised group | group

(n=81) (n=39) p value
Characteristics (median[IQR] or n [%])
Age 43(19-68) 57(37-70) 0
Male 55(67.9) 33(84.61)
Female 26(30.2) 6(15.38) 0052
Blood Routine results (median[IQR])
Leukocyte 4.96(0.16-29.24) 10.56(2.83-32.8) 0.001
Lymphocyte 0.73(0.016-10.91) 0.91(0.17-8.42) 0.922
Neutrophils 3.06 (0.02-17.39) 7.27(0.50-30.07) 0
Symptoms n [%]
Fever 55 (67.01) 32(82.05) 0.1
Pnemonia 64 (80.79) 35(89.74.) 0.147
Hematopathy/Sepsis 50 (61.72) 3(7.69) 0
Hepatic dysfunction/Hepatitis | 12 (8.01) 9(23.08) 0.265

Table 1. Clinical characteristics, laboratory examination and diagnosis of TTV infection in
immunocompromised and immunocompetent patients. IQR, interquartile range.
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significant differences. To be noted, there were no significant differences in hepatic dysfunction or hepatitis
between the groups.

Distribution and semiquantitative analysis in TTV -infected patients

A total of 120 TTV-infected patient samples were available for subsequent analysis. The number of TTV
cases in immunocompromised patients was higher than in the immunocompetent group. Additionally, reads
or reads per million mapped reads (RPM) is an important semi-quantitative index of viral load and is used
for disease monitoring in NGS*2%. In both blood and BALF samples, the RPM of TTV infection in the
immunocompromised group was significantly higher than that in immunocompetent patients (p < 0.001) (Fig.
2). Our data demonstrate that immunocompromised patients are more likely to carry the virus, and the RPM of
TTYV is significantly greater in this population.

Microbial diversity in TTV-infected patients

To evaluate the co-pathogens that may associate with TTV, we investigated the microbial diversity and
composition across all samples. To ensure a consistent sequencing depth for microbial analysis, each sample
was normalized to 12,785 reads(minimum number of reads for all samples), capturing the broadest range of
microorganisms present. In the BALF samples, a Venn diagram illustrated that out of 2267 identified genera,
1265 were common to both immunocompromised and immunocompetent patients, with 810 genera uniquely
identified in the former and 192 in the latter (Fig. 3A). In blood samples, 1195 out of 2164 total genera were
shared between the two patient groups, with 686 genera unique to immunocompromised patients and 283 unique
to immunocompetent patients (Fig. 3B). a diversity analysis at genus level showed no significant difference in
microbial diverisity and richness between the two groups in either blood or BALF samples (p>0.05, Figure
S1,Table S1). Principal coordinate analysis (PCoA) using Bray-Curtis metrics indicated that B diversity at the
genus level in blood samples were significantly different between immunocompromised and immunocompetent
patients (p<0.05, Fig. 3C), a pattern not observed in BALF samples (p>0.05, Fig. 3D). This suggests that the
blood microbiota composition may be more indicative of the immunocompromised conditions than BALF
microbiota.

Co-pathogens in TTV-infected patients

We conducted a comparative analysis of the relative abundance of the top 20 genera between different patient
groups, as depicted in Fig. 4. Collectively, Staphylococcus, Bacillus, Mycobacterium, Acinetobacter, Shewanella
and Pseudomonas comprised a substantial portion, (averaging 52.4% across all samples) within the microbial
composition. Notable differences were observed when comparing immunocompromised and immunocompetent
patients in both blood and BALF samples. For blood samples, Staphylococcus and Shewanella were significantly
more abundant in immunocompromised patients (25.6% vs. 8.4%, 10.4% vs. 0.3%, respectively; p<0.05).
Conversely, the presence of Bacillus (15.8% vs. 21.3%), Mycobacterium (7.2% vs. 12.2%), Acinetobacter (6.2%
vs. 9.5%), Pseudomonas (3.0% vs. 4.4%), Escherichia (3.0% vs. 4.8%), Toxoplasma (2.6% vs. 4.1%), Streptococcus
(0.8% vs. 1.1%), Campylobacter (1.4% vs. 2.4%), Klebsiella (1.5% vs. 2.2%), Enterococcus (1.5% vs. 2.2%), Nocardia
(0.8% vs. 1.3%) and Candida (0.03% vs. 0.07%) were less in the blood samples of the immunocompromised
patients (p <0.05). In BALF samples of the immunocompromised patients, Staphylococcus and Shewanella also
showed a significant increase in relative abundance (17.4% vs. 5.9%, 3.7% vs. 0.15%; p <0.05; respectively).
Bacillus, Prevotella, Rothia and Streptococcus were less abundant, however the differences were not statistically
significant (p>0.05).
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Fig. 2. Abundances of TTV in different samples. in immunocompromised and immunocompetent patients.
(A) Logl0(RPM) of TTV in BALF samples of immunocompromised (red) and immunocompetent patients
(green). (B) Logl0(RPM) of TTV in blood samples of immunocompromised (blue) and immunocompetent
patients (yellow). RPM: The reads per million mapped.
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Fig. 3. Summary of Taxonomic breakdown and P diversity in TTV-infected patients. (A) The Venn diagram
based on the microbial composition at genus level in BALF samples of immunocompromised (purple) and
immunocompetent patients (pink). (B) The Venn diagram based on the microbial composition at genus level
in blood samples of immunocompromised (purple) and immunocompetent patients (pink). (C) PCoA based
on Bray-Curtis indices of blood samples immunocompromised (red dot) and immunocompetent patients
(green dot). (D) PCoA based on Bray-Curtis indices of BALF samples immunocompromised (red dot) and
immunocompetent patients (green dot).

Impact of antimicrobial treatment of TTV infections

For patients with high TTV viralload and clinical manifestations, doctors will initiate antiviral treatment based on
their clinical experience. Through retrospective analysis, it was found that 47% (38/81) of immunocompromised
patients used antiviral drugs, which is higher than 15% (6/39) of immunocompetent patients, indicating that
immunocompromised patients are more inclined to use antiviral therapy in clinical practice. Statistical analysis
was conducted to compare the rates of improvement and deterioration between the two groups in anti-viral
drug therapy. The result showed no statistical difference between the two groups (Fig. 5). Through retrospective
analysis, a total of 13 patients underwent two mNGS tests before and after treatment, and no significant assistance
was found in inhibiting TTV load among existing antiviral drugs (Table S2).

Discussion

In recent years, mNGS has emerged as an unbiased molecular diagnostic tool for detecting and studying
microorganisms in biological samples, greatly improving the comparability and reliability of test results
between different laboratories?*-%%. In this study, we used mNGS to detect TTV in immunocompromised and
immunocompetent patients. We first compared TTV patients in different kinds of situations including immune
deficiency disease, solid tumors, hematologic malignancies, long-term systemic corticosteroid use, solid organ
transplantation, and so on. Our finding shows that the case number of immunocompromised patients is
higher than that of immunocompetent patients. In addition, TTV appears inversely associated with immune
competence. RPM is calculated as the number of reads per gene divided by the number of single-mapping reads
per sample library times one million. We found that the RPM in immunocompromised patients appears higher
than that in immunocompetent patients. The possible explanations are similar to the higher positive rate in
immunocompromised patients.

The mechanisms underlying TTV co-infections have not yet been fully elucidated. However, studies have
suggested that TTV may facilitate the infection of other pathogens by modulating the host immune system
For example, TTV ORF2 protein may inhibit the NF-kappaB signaling pathway, thereby affecting the host’s
immune response”-*8. Earlier studies on TTV co-infection were mainly focused on TTV and hepatitis virus co-
infection?®3, This idea was gradually reformed as new data on co-infection with other viruses became available.
TTV has been detected in co-infections with many other viral species?®?%31:32, In this study, the most notable
differences in co-pathogen abundance were observed with Staphylococcus and Shewanella, which were more
prevalent in immunocompromised patients. Staphylococcus a globally widespread gram-positive bacterium, is
associated with significant mortality and morbidity, capable of causing severe infections such as skin and soft
tissue infections (SSTIs), endocarditis, sepsis, pneumonia, osteomyelitis, bacteremia, abscesses, and toxic shock
syndrome™®. All analytical approaches and sequencing protocols employed in our study are well-established
and supported by peer-reviewed publications.Our findings indicated that Staphylococcus was the dominant
microorganism in both blood and BALF samples from immunocompromised patients, corroborating prior
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Fig. 4. The composition of dominant microbial groups (top 20 abundant genera in different groups of patients.
Samples groups: blood samples of immunocompromised and immunocompetent patients, BALF samples of
immunocompromised and immunocompetent patients, average of all groups.

studies®***. Given the increasing prevalence of antibiotic-resistant strains of Staphylococcus, such as those
resistant to vancomycin and methicillin®*-°, infection management should be adapted, for example, potentially
incorporating monoclonal antibodies, either as monotherapy or in combination®’. The genus Shewanella, a group
of Gram-negative proteobacteria, includes several species known to cause serious community- and hospital-
acquired infections, leading to conditions such as SSTIs, sepsis, hepatobiliary diseases, otitis media, and their
complications®. Currently, there is no consensus on antimicrobial therapy for Shewanella spp. infections in
humans, with treatment decisions complicated by the patients’ underlying conditions and the diverse spectrum
of diseases. Our data show that co-infections are more prevalent in immunocompromised individuals, which are
particularly susceptible to opportunistic infections.

The top 20 genera represented 81.6% of the total microbial presence in blood samples from
immunocompromised patients and 71.9% in BALF samples, respectively. These genera were predominantly
recognized as pathogens in prior studies immune deficiency*>*°. Although certain pathogenic genera appeared
less abundant in immunocompromised patients, this may be attributed to the significant rise in the abundances
of Staphylococcus and Shewanella. It is conceivable that the absolute abudances of co-pathogens had increased
overall, a hypothesis that could be substantiated through absolute quantification methods such as real-time
quantitative PCR. Furthermore, given that the composition of blood microbiota provides a more indicative
reflection of immunocompromised conditions compared to BALF microbiota, we propose the utilization of
blood samples as a preferable diagnostic medium.

Regarding clinical events, we found that the immunocompromised patients in our study seem younger than
the immunocompetent patients, the former with lower neutrophil counts, lower incidence of pneumonia, and
higher occurrence of hepatopathy/sepsis. TTV has been reported to be associated with major immune function
determinants, including age*"*?, while others have reported higher TTV in both young and older patients.
We also found a higher incidence of pneumonia in immunocompetent patients with TTV infection, which is
inconsistent with the literature®’, possibly due to the differences in the study population. TTV can replicate in
peripheral blood mononuclear cells, such as neutrophilic granulocytes. Our findings suggest that these agents
had no apparent impact on TTV positivity or viral load, underscoring the insensitivity of TTV to available
antivirals and the need to focus on managing co-infecting pathogens.

Importantly, although we referred to antiviral agents in the context of TTV infections, it is acknowledged that
there is no approved or specific antiviral therapy targeting TTV. The term “antiviral therapy” in this study refers
to commonly used broad-spectrum antivirals in clinical settings (e.g., ganciclovir, acyclovir), which are primarily
administered for other viral infections in immunocompromised patients. We observed the improvement and
deterioration in immunocompromised group. Anti-viral drug therapy showed no statistical difference. It might
be that TTV is insensitive to current anti-viral therapy?64-46,

This study has several limitations. First, it was conducted at a single center, and the findings need to be
validated in larger, multi-center cohorts to enhance generalizability. Second, TTV load was evaluated using
metagenomic next-generation sequencing (mNGS), which provides relative abundance rather than absolute
quantification. As a result, we were unable to report viral load in standard units such as copies/mL. Additionally,
there is currently no specific antiviral therapy for TTV, and its pathogenic role remains unclear. This limits the
ability to assess treatment response or develop targeted strategies. Future research should apply standardized
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Fig. 5. Antiviral therapy statistics in TTV infection patients.

quantitative PCR and investigate potential antiviral approaches, with attention to co-infections that may
influence clinical outcomes.

Conclusion

Inconclusion, our study demonstrates that Torquetenovirus (TTV) isfrequently detected inimmunocompromised
patients, where it is often associated with higher viral loads, greater microbial diversity, and an increased burden
of co-pathogens. Notably, current antiviral therapies did not significantly influence TTV carriage. These findings
suggest that TTV may serve as an indicator of underlying immune dysfunction and interact with other microbial
communities rather than acting as a sole pathogen. Its frequent co-detection with bacteria, viruses, and fungi
underscores the importance of cautious interpretation of mNGS results. More importantly, monitoring TTV
through mNGS may provide additional value for risk stratification, early recognition of immune suppression,
and guiding targeted management strategies in immunocompromised patients. Further studies are warranted to
validate its utility as a diagnostic or prognostic biomarker in this setting.

Data availability
The datasets generated during the current study are available in CNGB Sequence Archive (CNSA) of China
National GeneBank DataBase (CNGBdb) with accession number CNP0005757.
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