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Background

Detection and sequencing of circulating microbial cell-free DNA (mcfDNA) in plasma is an increasingly popular tool for diagnosing many infectious diseases, but could also be used to monitor the progress of infection. However, the decay of this microbial cell-free DNA in blood following treatment has not been previously characterized.



Case Presentation

A 53 year-old male was diagnosed with Bartonella quintana bioprosthetic aortic valve endocarditis by sequencing of the mcfDNA in the blood (Karius, Redwood City, CA). We then monitored the kinetics of decay of mcfDNA after parenteral antibiotics and valve resection in this individual. We measured plasma mcfDNA (Karius) in serial samples obtained in the operating room to calculate mcfDNA half-life after valve resection. After four weeks of parenteral antibiotics, Bartonella mcfDNA signal decreased by 78%. The signal subsequently rose during operative manipulation of the infected valve but dropped 81-fold over four hours following valve resection. The half-life of mcfDNA between the time shortly following resection of the infected valve and 24 to 48 hours post-operatively was between 35 and 115 minutes. The trend in mcfDNA signal was characterized by rapid and then slower phases of decay within 24 hours, and little change between 24 and 48 hours.



Conclusions

This study is one of the first to characterize decay kinetics of mcfDNA and highlights the potential of monitoring mcfDNA in addressing major challenges in infective endocarditis management, including monitoring the response to therapy, and as an early screen for recurrence.
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Introduction

Detection and identification of circulating microbial cell-free DNA (mcfDNA) by next-generation sequencing (NGS) in plasma has shown utility in diagnosing multiple types of infections, including endocarditis and other endovascular infections (1–4). Infective endocarditis (IE) is a serious, even life-threatening disease that accounts for up to 50,000 cases per year and with an average inpatient cost per patient of $120,000 in the US alone (5). More than one-third of people with IE die within a year of diagnosis (6). Culture negative endocarditis (CNE), defined as IE without a positive blood culture from at least 3 independent blood samples (7), represents ~20%-70% of cases of IE (8–10). Endocarditis can be culture-negative either due to prior or concomitant antibiotic therapy that inhibits growth of bacteria in blood cultures or because the pathogen does not grow in standard blood culture systems. In both of these cases, circulating mcfDNA sequencing is rapidly becoming a useful method to identify the pathogens responsible for CNE (11). While many advances have been made in diagnostic testing, determining the appropriate duration of antibiotic therapy, timing of surgery, and response to treatment of CNE remain challenges for clinicians (6).

It is difficult to know when a valve has been sterilized in cases of culture-negative endocarditis, and, as seen with certain malignancies, serial measurements of tumor cfDNA offer a potential, objective measure of response to therapy (either surgical or medical) (12–14). However, in the setting of infection, correctly interpreting changes in microbial cfDNA first requires an understanding of its rate of decay. While the half-life of cell-free DNA from human-derived tissues has been established (15–22), there have been no definitive assessments of the rate of decay of microbial cfDNA in plasma. Monitoring the changes of mcfDNA after the debridement of a discrete, high-burden, focal infection would afford the opportunity to measure mcfDNA decay.

In a case of Bartonella quintana aortic valve endocarditis, we describe a unique use of mcfDNA to monitor the response to antibiotic treatment, and to calculate the rate of plasma mcfDNA decay after valve resection through serial mcfDNA measurements after removal of the infected valve.



Case Presentation

In 2016, a 50-year-old man with a bioprosthetic aortic valve (AV) (23mm pericardial tissue) and HIV infection (CD4 nadir 348, viral load undetectable), underwent bioprosthetic AV replacement (23mm Carpentier-Edwards Magna Ease pericardial tissue) for severe aortic stenosis and aortic insufficiency associated with a congenital bicuspid aortic valve. Work up at the time for endocarditis was negative and the pathology showed only myxomatous degeneration. Following valve replacement, he was asymptomatic with normal valve and ventricular function [by transthoracic echocardiogram (TTE)] until a month prior to presentation in September of 2019 when he presented to the emergency department because of progressive shortness of breath over one month and more recent centralized chest pressure with exertion.

On the day of this presentation, he had a repeat TTE that demonstrated a valve area of 0.8 cm2, an AV gradient of 64 mmHg and maximum AV flow velocity of 5.23 m/sec, compared to 15 mmHg and 2.7 m/sec measured after his valve replacement. He had normal dentition. He had no history of intravenous drug use, recent dental procedures, or recent international travel. He was homeless previously but currently he was studying to become a social worker, with active involvement in outreach programs for the homeless in his urban San Diego community. In the emergency department his vital signs were normal. Physical examination revealed a harsh, 4/6 holosystolic murmur with radiation to the carotids and mild bibasilar crackles, but no peripheral edema, splenomegaly, peripheral embolic lesions, large-vessel emboli, cutaneous lesions, or abnormal retinal/conjunctival findings. Laboratory studies revealed a leukocyte count of 5.2 x 109 cells/L, hemoglobin of 11.6 g/dL, MCV of 82.7, and serum creatinine of 0.77 mg/dL. C-reactive protein was 5.89 mg/dL [upper limit of normal 0.8] and erythrocyte sedimentation rate was 74 mm/hr [normal range 0-15] compared with 0.3 and 22, respectively, 3 years prior at the time of his valve replacement. Electrocardiogram showed normal sinus rhythm and a PR interval of 182. A focal area of abnormal soft tissue was visualized along the valve annulus on cardiac CT and transesophageal echocardiography revealed a paravalvular leak abutting the interatrial septum, but no abscess (Figures 1A, B). Three sets of blood cultures separated by ≥ 24 hours failed to isolate an organism. Fungal and mycobacterial blood cultures were also done and were eventually negative.




Figure 1 | Bioprosthetic Aortic Valve Abnormalities in a Patient with Bartonella quintana Endocarditis. (A) Cardiac CT showing soft tissue mass on the bioprosthetic valve measuring 11 x 8mm (arrow). (B) Three-dimensional rendition of bioprosthetic aortic valve visualized on transesophageal echocardiogram showing regurgitation and paravalvular leak (arrow) at the time of diagnosis of B quintana endocarditis. Ao, aorta; AV, aortic valve; LV, left ventricle.



Suspecting IE, empiric treatment was started with ceftriaxone and doxycycline. Serologic work-up for CNE was notable for Bartonella henselae IgG titer of 1:1024, Coxiella IgM titer of 1:64 (without IgG seroconversion), Chlamydia pneumoniae IgG titer of 1:64, and a positive Brucella IgG. Fungal serologies and serologies for Bartonella quintana, Legionella, and other Chlamydia species were negative. Nucleic acid amplification testing for Tropheryma whipplei was also negative (ARUP Laboratories, Salt Lake City, Utah). Rifampin was added when Brucella serologies returned positive. Karius mcfDNA NGS of plasma detected Bartonella quintana, so ceftriaxone and rifampin were discontinued and gentamicin was added. Blood cultures eventually grew Bartonella quintana. Following three weeks of doxycycline and gentamicin the patient underwent infected valve resection and re-do open bioprosthetic aortic valve replacement. He was continued on doxycycline postoperatively for three months. He ultimately recovered well, returning to his former performance status, and with a normal follow-up TTE (normal left ventricular function, AV area of 1.0 cm2).



Materials and Methods

Serial blood samples were obtained prior to aortic valve replacement, intra-operatively, and post-valve replacement in this individual with culture negative endocarditis. Microbial cfDNA was extracted from plasma and NGS was performed by Karius, Inc. (Redwood City, California) in Karius’s CLIA/CAP-accredited laboratory. Intact bacteria as well as human cells and cellular debris are separated out by spin centrifugation prior to extraction of soluble DNA in the cell-free plasma fraction. Within this fraction, human sequences were removed and remaining sequences were aligned to a curated database of over 1,400 pathogens. DNA from organisms present above a predefined statistical significance threshold were reported and quantified in DNA molecules per microliter (MPM). Each measurement of MPM was done in duplicate. Detailed description of the methodology for sample processing, NGS and associated software is included in the Supplementary Material, adapted from Blauwkamp et al. (4). Following IRB review and approval, chart review was performed by physicians for clinical correlation.



Results


Microbial Cell-Free DNA Signal Prior to Infected Valve Resection

Bartonella quintana mcfDNA signal at the time of his initial diagnosis was 40,185 +/-1,173 DNA molecules per microliter. After 4 weeks of parenteral gentamicin plus doxycycline, Karius testing demonstrated a 78% (4.6-fold) decrease in the Bartonella quintana mcfDNA signal to 8,813 MPM (Table 1). However, his valve malfunction required surgery. With the patient’s consent serial sampling was done in the operating room for Karius testing.


Table 1 | Serial timepoints of Bartonella quintana mcfDNA pre- and post-valve extraction.





Microbial Cell-Free DNA Signal Decay Intra- and Post-Operatively

Bartonella quintana mcfDNA rose dramatically after the operative manipulation of the infected valve (timepoint 1, Figure 2). The signal then dropped 81-fold in the first 4 hours following valve resection. The half-life of mcfDNA over this time period ranged from 35 minutes (calculated based on timepoints 3-7) to 115 minutes (timepoints 4-8, Figure 2). Following valve resection, Karius testing showed further decay of the Bartonella quintana mcfDNA signal to 103 MPM after 24 hours and effectively maintained a basal amount of 123 MPM at 48 hours (Figure 2). Antibiotics were continued intra- and post-operatively.




Figure 2 | Bartonella quintana mcfDNA Decay Following Valve Resection. Decay of (B) quintana mcfDNA following removal of the infected valve. Time 0 min represents time after patient was removed from cardiopulmonary bypass used for valve replacement surgery. The first timepoint (-114 min) represents time of valve resection. mcfDNA, microbial cell-free DNA; MPM, molecules per microliter; min, minutes.






Discussion

Here we describe the successful use of mcfDNA sequencing of plasma to not only identify the species of Bartonella causing prosthetic aortic valve endocarditis and monitor treatment response, but to also characterize mcfDNA decay kinetics following surgical resection of the involved valve, which presumably removed the bulk of the infected tissue. Following valve resection, we observed an overall decrease in mcfDNA signal that can be characterized by three phases: 1) a rapid decline in mcfDNA over the first 2 hours, 2) a slower decline in the subsequent 22 hours, and 3) a sustained basal amount of mcfDNA in the final 24 hours of monitoring. Since we stopped measuring mcfDNA levels at the 48-hour timepoint, the duration of the sustained basal level remains to be determined.

Serologic testing is used for the presumptive identification of the causative organisms in many cases of CNE, because isolation of the majority of these organisms from the blood requires specialized techniques and media that are not available in most clinical labs (23). However, the interpretation of serological results, particularly in Bartonella endocarditis, can be complicated because of significant cross-reactivity not only among Bartonella species themselves, but also between Bartonella spp. and Chlamydophila spp., Coxiella burnetii, and Brucella as seen in this case (24, 25). There have also been reports of serologic cross-reactivity between Bartonella spp. and pathogens such as Epstein-Barr virus, cytomegalovirus, Toxoplasma gondii and Streptococcus pyogenes (26).

Molecular nucleic acid-based diagnostics offer an approach that can be more specific than serology. The sensitivity of PCR and sequencing assays on excised valvular tissue is generally greater than PCR on whole blood or serum as organisms are more abundant in valve tissue than in blood (11). Blood samples in patients with CNE are presumed to contain ~10 viable bacteria per mL, a concentration that is thought to remain constant during infection (27), but standard blood cultures rarely are positive in part because the organisms are so slow-growing or will not grow at all in standard blood culture media. The sensitivity of detection of organisms by PCR is not established, but one study of Bartonella endocarditis reported a sensitivity for a Bartonella-specific PCR assay of 92% for valvular tissue compared to only 33% and 36% using whole blood and serum, respectively (28). Even the sensitivity and specificity of 16S rDNA PCR-based assays on excised valve tissue varies widely, ranging from 41% to 96% and 95% to 100% (29–32),. Additionally, efforts to increase the sensitivity of PCR based diagnosis using blood samples are constrained by a decrease in specificity due to background bacterial DNA contamination (33).

The mcfDNA NGS assay used in this study minimizes the effect of background bacterial DNA contamination by custom-curating and sourcing reagents with minimal basal levels of background and establishing quality control monitoring procedures to detect DNA contamination in the molecular biology procedural pipeline. Theoretically, this assay has the capacity for greater sensitivity than analogous PCR-based assays given the larger set of molecular targets (potentially encompassing the entire genome of a pathogen) that NGS affords over the limited number of PCR-targeted sequences used in most diagnostic laboratories. Continued refinement in methods and more widespread use of mcfDNA as described here can and will further improve the diagnosis of CNE, enabling a higher yield of microbiological diagnosis and as a result, faster time to institution of definitive targeted therapy.

Despite the advances in diagnostics for CNE ushered in by molecular testing, determining the duration of antibiotic therapy, the timing of surgery, and whether there has been an adequate response to antibiotic therapy remain significant challenges in CNE management. Microbial cfDNA sequencing offers a promising rapid, non-invasive method to not only diagnose infections caused by fastidious and difficult to culture organisms, but to also monitor the load of organisms in a given infection, aiding in assessing the response to therapy. Currently, the duration of antibiotic therapy for CNE is based largely on expert opinion and case series, but has not been rigorously studied (34). Antibody titers can be useful for monitoring treatment response if they are positive, but antibodies will persist for weeks even after bacteria have been eradicated. Further, cut-offs for what is considered a positive serology are subject to assay-dependent limitations such as the type of antigen used, pre-determined thresholds, and processing error (27, 35). Potentially, using serial mcfDNA measurements in patients with CNE on antibiotic therapy will offer a more sensitive and specific alternative for assessing response to treatment. Measurements of mcfDNA may also have a role in monitoring response to antibiotic cessation and identifying those at risk for residual disease and recrudescence in individuals on chronic suppressive therapy. In theory, the mcfDNA signals may initially increase with treatment as pathogens lyse and release their DNA. If so, serial measurement may be needed to interpret the adequacy of the therapy.

The use of mcfDNA to quantify microbial DNA has the potential to improve the management of CNE. The American Association of Thoracic Surgery 2016 Consensus Guidelines on endocarditis management recommend surgical intervention for uncomplicated PVE for persistent bacteremia or relapsing infection (36), but for CNE that determination is not feasible so clinicians rely on changes in antibody titers to determine response, which provides only an indirect indication of response and one that likely lags behind actual microbial eradication by weeks to months. Therefore, in the setting of CNE, mcfDNA assessment could serve as a direct measure of response to therapy and a way to detect recurrence that may indicate the need for surgical intervention, before an individual develops symptoms due to valvular complications that could potentially complicate a surgery.

This study is one of the first to asses decay kinetics of mcfDNA. The kinetics of human cfDNA has been previously characterized, primarily from studies of tumor-derived (17, 21, 22) and fetal (15, 16, 18–20) cfDNA. Half-life calculations in such studies have ranged from several minutes to approximately 2 hours (12). For example, Lo et al. investigated the clearance of circulating fetal DNA following delivery and found that the mean half-life was 16.3 minutes (range 4 – 30 minutes) (20). Serial analysis of circulating tumor cfDNA from people with colorectal cancer demonstrated a half-life of 114 minutes following complete tumor resection (17). Further, circulating viral cfDNA from EBV in patients with nasopharyngeal carcinoma demonstrated a median half-life of 139 minutes (37) following surgical removal of their tumor. Human cfDNA not associated with malignancy has also been assessed in patients on hemodialysis and was found to have a significantly shorter half-life, approximately 4 minutes (38). Elimination of cfDNA appears to occur in the liver, spleen and kidney (39, 40), with the liver removing approximately 70-85% of nucleosomes from the circulation within 10 minutes (41). Using serial mcfDNA sequencing analogous to the experiments that initially established the half-life of human cfDNA (20), our study estimated the half-life of Bartonella mcfDNA after valve replacement in this case to be between 35 and 115 minutes, which is within the range of the decay of other cfDNA. We based our half-life calculations on samples taken 15 and +30 minutes after the clamps used for cardiac bypass were removed, assuming that by then the equilibrium of the mcfDNA in the systemic circulation had been achieved. The slower phase of decay observed 24-48 hours following infected valve removal, though limited by only two timepoints, possibly represents an effect of antibiotics that were continued post-operatively on bacteria from extra-cardiac tissues. The decay characteristics in different patients with different etiologies will need to be determined in order to establish the range of expected results, which could be influenced by changes in the volume of distribution secondary to cross-clamping in cardiac bypass surgery, blood loss, fluid replacement, and the rate of redistribution of mcfDNA in the systemic circulation after the relief of cross-clamping.

A formal cost analysis was not performed in this case. However, we propose that the sensitivity, non-invasive sampling, and capacity for broad testing afforded by NGS of plasma microbial cell-free DNA – both in this case and in the additional clinical applications described – would in many cases outweigh the limitations of sequencing cost and potentially avoid the need for invasive procedures that may incur additional expenses and morbidity.

Although the kinetics of circulating eukaryotic and viral cfDNA in humans have been described, prior to this study, reports of the decay kinetics of bacterial cfDNA were virtually non-existent. Ultimately, additional studies will have to be performed in a variety of infections with different pathogens to better understand the characteristics and range of decay of mcfDNA. The future is bright for pathogen agnostic nucleic acid technologies, but there is still much to learn.
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