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Abstract

Primary graft dysfunction (PGD) is a principal cause of early morbidity and mortality after lung 

transplantation, but its pathogenic mechanisms are not fully clarified. Thus far, studies using 

standard clinical assays have not linked microbial factors to PGD. We previously used 

comprehensive metagenomic methods to characterize viruses in lung allografts >1 month post-

transplant and found that levels of Anellovirus, mainly Torque teno viruses (TTV), were 

significantly higher than in non-transplant healthy controls. Here we used quantitative PCR to 
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analyze TTV and shotgun metagenomics to characterize full viral communities in acellular 

bronchoalveolar lavage from donor organs and post-reperfusion allografts in PGD and non-PGD 

lung transplant recipient pairs. Unexpectedly, TTV DNA levels were 100-fold elevated in donor 

lungs compared with healthy adults (p=0.0026). Although absolute TTV levels did not differ by 

PGD status, PGD cases showed a smaller increase in TTV levels from pre- to post-transplant than 

did control recipients (p=0.041). Metagenomic sequencing revealed mainly TTV and 

bacteriophages of respiratory tract bacteria, but no viral taxa distinguished PGD cases from 

controls. These findings suggest that conditions associated with brain death promote TTV 

replication, and that greater immune activation or tissue injury associated with PGD may restrict 

TTV abundance in the lung.

Introduction

Lung transplantation is the only long-term option for many patients with end-stage lung 

diseases. Median survival for lung transplant recipients (LTxRs) is only 5.7 years (1), the 

lowest among solid-organ transplants (2). Factors limiting survival include primary graft 

dysfunction (PGD), infection, cellular and antibody mediated rejection, and chronic lung 

allograft dysfunction (1).

PGD is a form of acute lung injury characterized by hypoxemia, pulmonary edema and 

alveolar damage that occurs within 72 hours of transplantation (3). Approximately 10–25% 

of LTxRs experience severe PGD, which is a leading cause of death early post-

transplantation (3), and survivors of severe PGD are more likely to develop donor-specific 

antibodies and chronic rejection (4, 5).

The pathogenesis of PGD is thought to involve both inflammatory and ischemia-reperfusion-

related mechanisms. An inflammatory environment develops within the lung after donor 

brain death, which is perpetuated after reperfusion by recruitment of lymphocytes, 

macrophages, and neutrophils (3, 6–12). Activated immune cells and reactive oxygen 

species generated during ischemia-reperfusion are thought to injure lung endothelium and 

epithelium (3). Host genetic variation in genes involved in oxidant stress responses and 

innate immunity correlate with risk of PGD (13, 14). PGD has also been associated with 

inflammasome activation, pattern recognition receptor signaling, and complement activation 

within the allograft (15–17). These studies raise the possibility of a microbial contribution to 

pathogenesis.

Culture-based and molecular clinical assays have associated specific bacteria, fungi and 

community-acquired respiratory viruses with lung transplantation outcomes, such as the 

development of bronchiolitis obliterans syndrome (BOS) (18–24). Studies using high 

throughput metagenomic sequencing have demonstrated that lung bacterial, fungal and viral 

communities are aberrant in lungs of LTxRs compared to healthy controls (22, 25, 26). 

LTxRs have decreased bacterial diversity, increased bacterial load, outgrowths of pathogens 

and presence of atypical species (22, 25, 27, 28). One study linked metagenomic bacterial 

community features and BOS (29).
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Our group recently reported high levels of diverse TTVs in acellular bronchoalveolar lavage 

(BAL) fluid from LTxRs sampled from one month to >10 years following transplant (26). 

TTVs are small, non-enveloped, circular, negative sense, single-stranded DNA, eukaryotic-

cell viruses belonging to the Anellovirus family. These viruses are ubiquitous in the human 

population (30), with initial infection occurring during childhood (31–33). Changes in blood 

TTV levels correlate with altered immune states. Plasma TTV DNA levels increase in HIV+ 

individuals that progress to AIDS and decrease following immune reconstitution with 

antiretroviral therapy (34–36). Expansion of TTV is seen in blood of solid-organ transplant 

recipients receiving immunosuppressive therapy (37–39). Thus far, TTV has not been 

identified as the etiological agent of any disease (30, 40).

In this study we investigated the hypothesis that lung viruses, including TTV, might be 

associated with PGD. To do this, we analyzed extracellular viruses present in acellular BAL 

sampled from lung donors immediately prior to organ recovery and from the allograft one 

hour after transplant and reperfusion. Two complementary approaches were used: 1) a TTV 

quantitative polymerase chain reaction (qPCR) assay and 2) shotgun metagenomic sequence 

analysis of all viruses. These assays were also performed on recipient serum samples 

obtained at the time of reperfusion. We also investigated whether TTV levels were correlated 

with host cell gene expression, which was previously reported to correlate with PGD in these 

patients (15).

Methods

Study population and data collected

Stored samples and clinical data were obtained from subjects who had previously been 

prospectively enrolled in the multicenter Clinical Trials in Organ Transplantation-03 

(CTOT-03) (NCT00531921) study. A previous report described the selection of 23 grade 3 

PGD cases and controls matched on donor age and pre-transplant recipient diagnosis (15). 

For one PGD case no specimens remained from their matched control, and one additional 

PGD case was included for which there was no matching control. Thus, samples were 

available from 22 case-control pairs and 2 unmatched PGD cases (Table 1). For 15 pairs, all 

perioperative BAL specimens were available for virome analysis, while for 7 pairs there was 

insufficient sample remaining from one or more lung samples (Table 1 and S1). Acellular 

BAL samples were obtained from healthy adult volunteers, as previously reported (Table S2) 

(41, 42). Serum from a separate group of 11 healthy adult volunteers was also collected. All 

subjects provided written informed consent under protocols approved by Institutional 

Review Boards at their respective institutions.

Collection and processing of biological samples

BAL was collected in the operating room from donors immediately before organ 

procurement (donor BAL) and from allografts in recipients 1 hour after reperfusion 

(recipient BAL) as previously described (15). Serum was also obtained from recipients 1 

hour after reperfusion. A total of 80 perioperative acellular BAL and 46 post-transplantation 

recipient serum samples were available (Table 1). BAL was processed to minimize host cells 

and extracellular viral particles were concentrated and nuclease-treated to digest non-
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encapsidated DNA and RNA, in order to enrich for viral nucleic acids. The full procedure is 

described in Supplemental Methods. As a positive control, BAL obtained for other 

indications was spiked with known quantities of the RNA bacteriophage Pseudomonas phi-6 

to confirm detection by metagenomic sequencing (Table S3).

Quantitative PCR

TTV qPCR was performed as previously described (26).

Shotgun metagenomic sequencing and bioinformatics pipeline

To study DNA viruses, nucleic acid isolated from virus particle preparations was subjected 

to DNA whole genome amplification using the GenomiPhi V2 Amplification kit (GE 

Healthcare; Pittsburg, Pa). To detect RNA viruses, extracted nucleic acids were treated with 

DNase, reverse transcribed (43) and PCR-amplified as described in Supplemental Methods. 

Library preparation, Illumina sequencing, and the bioinformatics pipeline employed in 

sequence analysis are described in Supplemental Methods.

Differential gene expression and gene set variation analysis

Affymetrix Human Gene 1.0 ST Array (Affymetrix; Santa Clara, CA) data published 

previously on the same cohort of paired PGD cases and controls (15) was used in testing 

correlations between differential gene expression and TTV levels in the lung (Table S4–S6). 

Details are provided in Supplemental Methods.

Statistical analyses

Wilcoxon Rank Sum test, Wilcoxon Signed-Rank test, Kruskal-Wallis test, paired two-tailed 

Student’s T-test, Spearman rank correlation tests, and calculation of gene set enrichment 

scores were performed in R version 3 (44). Analysis of differences in TTV levels was 

performed on log10 normalized values. False discovery rate (FDR) using the Benjamini-

Hochberg method was applied for multiple testing correction (45).

Results

Study subjects

Viral preparations from lung and blood specimens from 22 pairs of grade 3 PGD patients 

and matched controls, plus 2 additional PGD subjects, were analyzed (Table 1 and S1). 

Baseline demographics of study subjects have been previously reported (15) and 

characteristics relevant to this study are summarized in Table 1. Most subjects received 

Cytomegalovirus (CMV) prophylaxis, and all but two (Subjects 12013 and 12016) received 

Basiliximab for induction immunosuppression. Common bacteria and fungi identified by 

routine clinical culture included Staphylococcus sp., Streptococcus sp., and Candida 
albicans.

Analysis of TTV genome copy numbers by quantitative PCR

Previously, high levels of TTVs were reported in the respiratory tract of LTxRs in samples 

collected >1 month post-transplantation (26), and in post-transplant blood (37–39). Here we 
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investigated lung TTV levels at time of transplantation by quantifying TTV genomes in 

donor BAL, and in recipient post-reperfusion BAL and serum (Fig. 1).

Copies of TTV DNA per mL of acellular BAL varied up to 10,000-fold in both donor and 

recipient samples (Fig. 1). Donor BAL obtained prior to lung procurement had a median of 

670,600 TTV copies/mL, which was 100-fold higher than TTV levels in healthy adult BAL 

samples (median=6,631; p=0.0026; Wilcoxon Rank Sum test). Copies of TTV in post-

reperfusion BAL were approximately 2-fold greater than in samples taken before organ 

procurement, with a median of 1,102,000 copies/mL (p=0.89 compared with donor BAL; 

p<0.001 for comparison to healthy controls). There was a positive correlation between TTV 

levels in lung samples obtained pre- and post-transplantation (p<0.001, Spearman’s 

rho=0.548; Spearman’s rank correlation test; Fig. 1C). Thus, donor lungs are markedly 

abnormal with regards to virome populations, even before transplantation.

Conversely, in serum, quantities of TTV immediately post-reperfusion (median=35,530 

copies/mL) were lower than in healthy adults (median of 553,996 copies/mL; p<0.001; 

Wilcoxon Rank Sum test). There was a positive trend correlating TTV levels in BAL and 

serum of LTxRs immediately post-transplantation (p=0.061, Spearman’s rho=0.303; 

Spearman’s rank correlation test; Fig. S1).

The high levels of TTV DNA found in donor lungs prior to transplantation were surprising 

given that donors are selected because they lack overt lung disease. Thus, we investigated 

clinical features of donors that might be associated with TTV levels (Table S7). Lung TTV 

DNA levels were inversely correlated with donor age (p=0.036, Spearman’s rho=0.328; 

Spearman’s rank correlation test). In contrast, there was no correlation between lung TTV 

levels and donor cause of death, history of purulent secretions, aspiration, or tobacco 

exposure. There was a positive trend correlating TTV levels in recipient BAL with organ 

ischemic time (p=0.065, Spearman’s rho=0.298; Spearman’s rank correlation test). 

However, no correlation was seen between post-reperfusion TTV levels and use of 

cardiopulmonary bypass or nitric oxide during surgery, administration of blood products or 

fluids, transplant type, or recipient preoperative diagnosis (Table S7).

We then investigated whether PGD was associated with TTV levels. When evaluated as 

absolute levels at a single time point, neither donor pre-transplant nor post-reperfusion BAL 

TTV levels correlated with PGD (p=0.89 and p=0.82, respectively, Wilcoxon Signed-Rank 

Test), nor did post-reperfusion serum TTV levels (p=0.71, Wilcoxon Signed-Rank Test).

However, TTV dynamics differed significantly between PGD cases and controls (Fig. 2). 

Non-PGD controls showed an average 3.5-fold increase in lung TTV levels over the 

perioperative period, whereas the increase was only 1.7-fold in PGD cases. When compared 

as pairs across the 15 complete sample sets, a 4-fold difference in TTV increase was 

observed between PGD cases and controls (p=0.041; Wilcoxon Signed Rank Test). Thus, 

PGD is associated with a significantly lower rise in TTV levels during the peri-transplant 

period.
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Association of TTV levels and differences in mRNA expression in the lung

Gene set enrichment analysis in BAL cells from this cohort of patients previously identified 

several inflammasome and innate immune pathways for which perioperative change in 

expression correlated with PGD (15). These pathways included NOD-like receptor 

signaling, TOLL-like receptor signaling, the IL1 receptor pathway, and NFκB activation by 

nontypeable Haemophilus influenza.

Therefore, we investigated whether TTV dynamics correlated with gene pathways enriched 

in PGD, or with the top 9 transcripts linked to these pathways. Neither the PGD-associated 

pathways nor individual transcripts correlated with TTV dynamics (Table S4 and S5). We 

then tested whether absolute TTV levels in donor or recipient BAL correlated with transcript 

expression, but again found no significant relationship (Table S5). Finally, we queried the 

entire gene expression dataset to determine whether any individual gene (n=16,009) or 

pathway (n=403) correlated with TTV levels in donor BAL, recipient BAL or perioperative 

dynamics. Several pathways and gene transcripts demonstrated a nominal correlation with 

lung TTV levels or dynamics, but none were significant after FDR correction (Table S6). 

Thus, lung TTV dynamics did not correlate detectably with host cell gene expression 

patterns.

Metagenomic shotgun sequencing of perioperative samples

To investigate the lung virome further around the time of transplant, and to determine 

whether other viruses might be linked to PGD, we undertook metagenomic characterization 

of full viral populations in donor and recipient acellular BAL, as well as in recipient serum. 

To validate recovery of RNA viruses, 106 plaque forming units of bacteriophage 

Pseudomonas phage phi-6 were spiked into a non-LTxR BAL sample, which was processed 

identically to LTxR samples. Of the 369,669 non-human reads generated from this sample’s 

cDNA library, 135,301 aligned by BLAST to the tripartite phi-6 genome. Coverage of the L, 

M and S genomic segments was 71, 82 and 40%, respectively (Table S3), confirming viral 

recovery and detection with our methods.

Applying our pipeline to LTxR samples generated a median of 924,291 filtered, paired reads 

per sample in the BAL DNA library (range 2,668–5,676,284), 150,150 in the BAL cDNA 

samples (range 268–3,082,400), and 69,342 in serum DNA samples (range 5,241–815,079). 

On average, human sequences comprised 54.6% of all high quality reads in BAL DNA 

samples (range 0.20–88.9), 73% in BAL cDNA (range 1.18–98.6) and 80.4% (range 13.2–

95.8) in serum DNA.

High quality non-human reads were queried by BLAST against the NCBI viral database and 

viral taxonomic assignments generated using BROCC (46) as described in Supplemental 

Methods. To control for contaminating sequences during sample and library preparation 

(47), buffer blanks were analyzed using the same workflow. On average, less than 1% of 

high quality, non-human sequences could be assigned to known viral species. The remaining 

reads likely correspond to bacteria, poorly annotated bacteriophages, human reads that 

eluded the human filtering step, or potentially novel eukaryotic viruses.
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We first inspected read alignments to identify those that were spurious, i.e. attributable to 

environmental contamination or unfiltered human sequences. For example, alignments to 

Shamonda and Simbu virus were confined to 90 and 40 base pair regions of the genomes, 

respectively, and had 92–100% identity to human 45S ribosomal RNA, and were therefore 

removed. The number of reads annotated as Human endogenous retrovirus K (HERVK) 

tracked with the extent of human DNA in samples based on the number of reads aligning to 

the human genome and β-tubulin qPCR (data not shown), and were also removed.

Most subjects had many reads aligning to Human herpesviruses (HHVs) HHV-7, HHV-6A 

and HHV-6B. However, sequence alignments involved regions of short direct repeats, and 

herpesvirus genome coverage never exceeded 1%. BLAST queries of these sequences 

against the human genome revealed high identity to human repetitive regions. Because these 

reads likely do not represent authentic Herpesvirus detection, they were also removed. 

Finally, when very few reads align to a particular viral genome, low coverage makes it 

difficult to discriminate between coincidental alignment (such as to a short and/or non-

unique region) and authentic virus detection. Therefore, an empirical threshold was set at 20 

reads in a sample aligning to a reference virus in order to confidently call virus detection. 

Assignments below this threshold are shown in Table S7 and S8.

After these filtering steps, a total of 105 viral species from 15 family-level groups were 

identified in BAL (2 eukaryotic viruses, 1 plant virus and 12 bacteriophage families/

unclassified species; Fig. 3 and Fig. S2). Anelloviruses, comprising multiple TTV species, 

were the most abundant eukaryotic virus in BAL. In serum, we identified reads whose best 

alignment were to 29 Anellovirus species. In both lung and serum, populations of TTVs 

appeared highly diverse, both within and between individuals (Fig. 4). The high levels of 

genome diversity within an individual sample could reflect multiple viral species, or a few 

novel TTV viruses with low levels of identity to database reference strains.

In addition to TTV, the most abundant viruses seen in lung samples were DNA phages, 

including Siphoviridae, Myoviridae and Podoviridae, which infect a broad range of oral and 

respiratory tract bacteria such as Streptococcus pneumoniae, Staphylococcus aureus, 
Stenotrophomonas maltophilia and Pseudomonas aeruginosa (Fig. 3 and Fig. S2).

After filtering out HHV reads deemed spurious, as described above, we specifically queried 

the presence of authentic HHV sequences by aligning reads to 10 Human herpesvirus 

genomes, since reactivation of HHVs, especially CMV, is a risk following organ 

transplantation (48). No sample exceeded our threshold of 20 reads, but one donor BAL 

from a PGD case had 12 reads that uniquely aligned to CMV (Table S8). Of note, our 

analysis of extracellular virions would not detect the presence of latent, non-replicating viral 

genomes within host cells.

One non-PGD donor BAL revealed sequences that aligned with Circoviruses, which are 

recognized pathogens in birds and swine, but in humans have primarily been detected in 

stool (49–51). Other small single stranded circular DNA viruses in the proposed Cyclovirus 

genus within the Circoviridae family have been reported in cerebrospinal fluid and 

nasopharyngeal aspirates (51, 52). Our sequence reads covered only 9% of the closest 
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Circovirus reference genome, raising the possibility of a novel eukaryotic virus in this 

sample.

Although not reaching our threshold of 20 reads in any individual sample, we also detected a 

total of 26 reads across 4 samples that aligned to Mimiviruses (Table S8), which infect 

amoebae and have recently been reported in human lung samples, but are of uncertain 

clinical significance (53, 54).

Detection of RNA viruses was limited. The overwhelming majority of viral reads in the 

cDNA library were annotated as originating from DNA viruses. These reads might represent 

viral mRNA or incomplete removal of genomic DNA in cDNA preparation. In some samples 

there were small numbers of short reads (reflecting genome coverage of 0.6%) aligning to a 

plant virus (Tymoviridae, Physalis mottle virus). The significance of these reads is uncertain. 

No RNA viruses known to infect humans were detected in the acellular BAL metagenomic 

analysis, including an absence of community-acquired respiratory viruses. No viral taxa 

distinguished PGD cases from controls.

Discussion

Here we describe markedly elevated levels of TTV in the lungs of donors prior to organ 

recovery. While absolute levels of TTV did not distinguish PGD cases from controls, 

changes in TTV levels during the perioperative period were significantly associated with 

PGD.

Finding high levels of TTV in donor lungs was unexpected. Brain death is associated with 

profound hemodynamic, neurohumoral and inflammatory responses, which result in 

proinflammatory cytokine elevations and leukocyte infiltration of the lung (55, 56). 

Although its host cell tropism is poorly understood, TTV is reported to reside in 

mononuclear immune cells (57–61), and to increase in inflammatory states (62, 63). Thus, 

local inflammation and leukocyte recruitment to the lung following brain death might result 

in enhanced TTV replication. Additionally, corticosteroids are generally given to organ 

donors to modulate inflammation after brain death, and corticosteroid-induced 

immunosuppression could be another reason for the high TTV levels in donors since host 

immune function is thought to control virus replication (34, 38, 64). Future studies will be 

needed to determine whether lung TTVs increase in critically ill patients generally, or if high 

levels are specifically associated with brain death and/or corticosteroid or other donor 

treatments.

TTV levels increased from pre- to post-transplant lung samples, but the magnitude of 

increase was lower in PGD cases than in controls. This difference is consistent with the 

hypothesis that PGD is linked to tissue viability or immune activation that may restrict TTV 

levels in the lung. PGD is associated with activation of multiple innate immune responses 

(15–17) which might control TTV but also mediate injury contributing to PGD. 

Alternatively, in addition to immune cells, TTV has also been reported to replicate in 

respiratory epithelia and lung tissue (65, 66). Since ischemia-perfusion injury may result in 
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decreased tissue viability (6–12), this may also limit TTV replication in PGD if permissive 

cell types are affected.

A prior analysis found that PGD was associated with enrichment in several gene pathways in 

this cohort. However, we did not find significant associations between peri-transplant TTV 

dynamics or lung TTV levels and host gene expression patterns. This finding suggests that 

the association between TTV dynamics and PGD reflects a relationship distinct from 

previously identified mechanisms linked to host gene expression patterns.

The range of TTV levels in serum of our healthy controls was similar to previous reports 

(67–70), but our post-reperfusion serum levels were significantly lower (Fig. 1). These levels 

immediately post-transplant contrast with studies showing elevated blood TTV levels of 

chronic transplant recipients who are immunosuppressed (37–39). However, a recent report 

described decreased TTV levels at day 7 in kidney/pancreas transplant recipients receiving 

anti-thymocyte globulin (ATG), which was ascribed to lymphocytolytic properties of ATG 

on mononuclear cells believed to support TTV replication (61). Only slight decreases were 

reported at day 7 in those receiving Basiliximab, which is not lymphocytolytic, but prevents 

T cell proliferation. We studied samples immediately following induction with Basiliximab. 

Thus, our results could reflect potential earlier effects of Basiliximab on TTV replication 

due to acute suppression of T cell proliferation. Two subjects who did not receive induction 

immunosuppression had markedly lower serum TTV levels compared to other LTxRs and 

healthy adults (Table S7), opposite to the predictions of this idea. However, induction 

immunosuppression is withheld in recipients with intercurrent processes which themselves 

might affect TTV levels, precluding definitive conclusions.

Apart from Anelloviruses, eukaryotic DNA viruses detected by metagenomic sequencing of 

acellular BAL were sparse and none correlated with PGD. We anticipated that HHVs might 

be prevalent, but only one sample was positive with few reads aligning to CMV. One sample 

had sequences annotated as a Circovirus, the significance of which is unclear but could 

reflect a novel virus. Most viral species detected were bacteriophages, and detection of 

phages known to infect respiratory tract bacteria implies the presence of their bacterial hosts 

during transplantation.

In contrast to DNA viruses, we did not find evidence for abundant human RNA viruses in 

these lung samples. Other studies have succeeded in identifying RNA viruses in human 

specimens using similar methods (43, 71–73), and our internal control spiked sample 

confirmed viral RNA recovery. Thus we conclude that actively replicating RNA viruses, 

which would be released as extracellular particles and therefore present in acellular BAL, 

are not common and abundant in lung allografts at the time of lung transplantation.

Our initial analysis revealed many sequences that aligned to human and other eukaryotic 

viruses, but which upon close inspection appeared spurious. These findings underscore the 

need to carefully inspect viral assignments to distinguish authentic sequences from artifacts. 

Additionally, alignments with very low read counts are difficult to authenticate, highlighting 

the challenge in interpreting such low abundance sequences. Thus, virome analysis based 
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simply on automated read alignments may result in over-calling viruses that may not be 

genuinely present.

This study has several limitations. First, we used acellular BAL, which is suitable for 

analysis of the extracellular virome but cannot detect viral nucleic acids present within cells 

in non-replicating or latent forms that are not releasing progeny into the alveolar or airway 

lumen. In addition, use of acellular BAL limits the ability to characterize bacterial and 

fungal populations in the sample. Second, there is likely geographic heterogeneity within the 

lung (74) and any individual sample may represent only part of the viral community present. 

Third, since PGD can occur up to 3 days post-transplant, it is possible that differences in 

viral communities could emerge later than our perioperative time-points. Lastly, we did not 

have pre-transplant recipient serum uniformly available to query whether TTV dynamics in 

the blood changed in the peri-transplant period and if this relates to PGD incidence.

Finally, an important finding was that peri-transplant samples did not contain evidence 

indicating active replication of RNA viruses or typical community acquired respiratory 

viruses known to be associated with late transplant complications. However, small numbers 

of sequences aligning with unexpected nonhuman viruses, as reported here, might reflect 

novel human viruses. Further studies are warranted to determine whether TTV or novel 

viruses are linked to long-term outcomes of lung transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ATG anti-thymocyte globulin

BAL bronchoalveolar lavage

BOS bronchiolitis obliterans syndrome

CMV Cytomegalovirus

CTOT-03 Clinical Trials in Organ Transplantation-03

FDR false discovery rate

HERVK Human endogenous retrovirus K

HHV Human herpesvirus
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LTxR lung transplant recipients

PGD Primary graft dysfunction

qPCR quantitative polymerase chain reaction

TTV Torque teno virus
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Figure 1. Torque Teno Virus Levels in Lung Transplant Donors, Recipients and Healthy Adults
(A) Torque teno viruses quantified by qPCR in BAL. Boxes represent the middle two 

quartiles for each group, with the bold line representing the median value. Dots represent 

individual samples. Donor BAL was taken prior to organ procurement. Recipient BAL and 

Recipient serum were taken one hour after organ reperfusion. Quantities of TTV were higher 

in Donor and Recipient BAL compared to BAL of healthy adults as determined by Wilcoxon 

Rank Sum test (p=0.0026 and p<0.001, respectively). (B) Quantities of TTV in lung 

transplant recipient serum were lower compared to healthy adults as determined by 
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Wilcoxon Rank Sum test (p<0.001). (C) Log10 TTV levels in paired Donor and Recipient 

BAL from individual samples were correlated (p<0.001, Spearman’s rho=0.548. A linear 

model was fitted to the data and is shown by the black line. The limit of quantification for 

the qPCR assay ranged from 11–65 copies/reaction. **p<0.01, ***p<0.001
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Figure 2. Torque Teno Virus Dynamics in Perioperative Period and Association with Primary 
Graft Dysfunction
(A) TTV levels from organ pre-procurement (Donor) and post-reperfusion (Recipient) BAL 

samples are shown for each PGD case and control. Samples from the same organ are 

connected by a line. (B) The fold change in viral levels in the lung for PGD cases and 

controls is shown. Empty circles represent individual samples and the filled diamond 

represents the mean of the group. Both the average and median fold change was lower in 

PGD cases compared to paired controls (p=0.046 and p=0.041; Paired Student’s T-test and 

Wilcoxon Signed-Rank test, respectively). The number of paired samples analyzed was 15 

due to missing samples for some patients.
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Figure 3. The Perioperative Lung Viral Microbiome
Displayed is the number of shotgun metagenomic reads of DNA and cDNA libraries from 

each sample matching known viruses. Each column represents a different BAL sample. Each 

row represents a viral taxonomy at the family level, or at the species level for those hits that 

could not be classified into established families (species-level assignments for all viruses are 

shown in Fig. S2). Sequencing, processing of reads, alignments to viral genomes and 

removal of spurious hits was carried out as described in Methods. Columns are grouped by 

PGD-control pairs and labeled according to subject group, pair number and sample type as 

shown by the color coding across the top of the figure. Results of standard bacterial culture 

in each sample for the most commonly identified bacteria are also shown annotated on top. 

Further information on viral type and host is given by the column at the left. The intensity in 

each block represents the number of reads of each viral family in each sample on a log10 

scale.
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Figure 4. Diversity of Anellovirus Assignments in Lung and Serum During the Perioperative 
Period
(A) Displayed are filtered metagenomic reads from perioperative BAL samples aligning to 

annotated human Anelloviruses. Each column corresponds to an individual sample and each 

row corresponds to the top scoring reference Anellovirus genome in the NCBI Viral 

Database. The intensity of each block represents the number of reads from that sample 

aligning to that reference species. Columns are grouped by PGD-control pairs and labeled 

according to subject group, pair number and sample type. (B) Displayed are filtered 

metagenomic reads from post-transplant recipient serum that aligned to human Anellovirus 

entries in the NCBI Viral Database. In serum, all viral hits remaining after stringent filtering 

steps were to Anellovirus family members. Samples that had insufficient DNA after library 

preparation for Illumina sequencing are omitted.
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