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Abstract  

Advances in the use of molecular biomarkers to guide management of lung transplant 

recipients are emerging. One such biomarker, donor-derived cell-free DNA (dd-cfDNA), has 

the potential to alter traditional approaches of lung transplant management, including the 

detection of acute rejection or infection, surveillance monitoring strategies, risk stratification 

of vulnerable patient populations and molecular phenotyping of various forms of allograft 

injury. The emergence of novel genetic and epigenetic approaches utilizing cfDNA provides 

further promise for the elucidation of pathophysiological mechanisms and treatment targets 

in various disease states. This review aims to employ the current state of the evidence to cover 

the biological basis, clinical applications and future directions for the use of dd-cfDNA in lung 

transplant recipients.  
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1. Introduction  

Lung transplantation remains a viable option for select patients with progressive, end-stage lung 

disease. Despite this, the median survival after lung transplant remains only 6.5 years, the lowest 

among solid organ transplant [1]. Episodes of allograft injury, often in the form of acute rejection 

(AR) and infection, are not only deadly, but may predispose the patient to chronic lung allograft 

dysfunction (CLAD), the primary cause of long-term mortality post-transplant [2-5]. AR and infection 

are common after lung transplant, with an incidence of up to 50% and 33%, respectively, in the first 

post-transplant year [6-8]. Consequently, methods of adequately detecting underlying allograft 

injury and routinely surveilling lung allograft health are critically important to improving long term 

outcomes in lung transplantation.  

Standardized methods of detecting underlying allograft injury include routine pulmonary 

function testing (PFT), frequent clinic visits, testing for donor specific antibodies (DSA), and most 

conspicuously, the use of bronchoscopy with bronchoalveolar lavage (BAL) and transbronchial 

biopsy (TBBx). However, these tools have limitations. Acute rejection or infection may manifest in 

the absence of changes in pulmonary function testing or the development of signs and symptoms 

of allograft dysfunction [9]. Histopathological analysis of TBBx samples to diagnose acute rejection 

demonstrates high interobserver variability or may be missed altogether if samples are taken from 

unaffected lung [10]. Further, bronchoscopy with TBBx is a costly procedure, may be inconvenient 

to the patient and place the patient at risk for procedural complications. Given these challenges, 

recent investigation has focused on the development of highly sensitive and less invasive methods 

of detecting allograft injury.  

Plasma donor-derived cell free DNA (dd-cfDNA) is a novel, molecular marker of allograft injury 

that has been the subject of much research in recent years as a potentially accurate, non-invasive 

method of detecting allograft injury. This review serves to provide insight into the biological basis 

for its use, measurement techniques and clinical applications to diagnosis, surveillance and risk 

stratification in lung transplant patients.  

2. Identification and Quantification of dd-cfDNA  

Cells undergoing apoptosis and necrosis release fragments of double-stranded DNA into bodily 

fluids, including the bloodstream, known as cell free DNA (cfDNA). The half-life of cfDNA is 

approximately between 16 minutes and 2.5 hours and it is predominantly excreted in the urine or 

undergoes local degradation by macrophages in the liver or spleen [11-13]. Levels of cfDNA are 

generally low in normal physiologic states but increase in the setting of tissue injury. Solid organ 

transplant creates a unique scenario in which there is also genetic admixture between the donor 

and recipient. In this setting, it is possible to genetically differentiate cfDNA originating from the 

donor allograft versus cfDNA originating from recipient cells. Therefore, measuring donor derived 
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cell free DNA (dd-cfDNA) may provide specific insight into the degree of allograft tissue injury, 

including in the setting of acute rejection or infection. 

Laboratory techniques developed to measure levels of plasma dd-cfDNA rely on two principle 

components: 1) methods to identify donor vs. recipient genetic material and 2) methods to quantify 

or semi-quantify the amount of dd-cfDNA. Early assays relied on sex-based chromosomal 

differences or degree of HLA mismatch between the donor and recipient, however, these were 

limited by the requirement for gender or HLA mismatch between the donor and recipient, 

respectively, to distinguish the genetic material [14, 15]. More contemporary assays utilize 

differences in single nucleotide polymorphisms (SNPs) between donor and recipient to identify their 

respective cell free DNA. Multiple SNP-based techniques have been developed. First generation 

two-genome approaches genotyped donor and recipient using DNA to identify informative SNPs 

[16]. The subsequent “one-genome” approach genotyped recipient DNA, and used this to infer 

informative SNPs [17]. The “one genome” approach could thus be utilized when donor DNA is 

lacking. Nonetheless, the need for genotyping is time consuming, potentially limiting its use of these 

approaches in routine clinical practice. More recent, and now commercially available, techniques 

involve leveraging publicly available population genomic data to define informative SNPs that are 

representative in different patient populations, obviating the need for genotyping of recipient and 

pre-transplant donor DNA [18, 19].  

Once donor vs. recipient SNPs have been identified, several methods exist to amplify and 

quantitate the amount of cfDNA present to provide a measure of plasma dd-cfDNA. These 

techniques include whole genome sequencing, quantitative polymerase chain reaction (PCR), digital 

droplet PCR or targeted sequencing [20, 21]. While absolute amounts of dd-cfDNA may be reported, 

differences in the size of the allograft as well as single vs. double lung transplants may interfere with 

the interpretation of these results, because differences in baseline absolute levels of dd-cfDNA 

would depend on the total amount of allograft tissue. Therefore, dd-cfDNA is traditionally presented 

as a percentage of dd-cfDNA over total cfDNA (dd-cfDNA + recipient cfDNA). Notably, because the 

amount of recipient cfDNA lies in the denominator of this calculation, fluctuations in recipient cfDNA 

may alter levels of %dd-cfDNA, potentially affecting interpretations of the results. Prior research 

also indicates that correcting %dd-cfDNA in single lung transplant recipients by doubling the value 

in order to account for the reduced allograft tissue mass, eliminated the differences in dd-cfDNA 

between double vs. single lung transplant patients and preserved performance characteristics of 

the test to detect AR at common threshold values [22]. Research is ongoing to determine the 

optimal method of reporting levels of dd-cfDNA while best accounting for both allograft size and 

amount of recipient cfDNA.  

3. Clinical Applications  

As a molecular biomarker of underlying allograft injury, dd-cfDNA has the potential for broad 

clinical applications in the management of lung transplant recipients. While the majority of evidence 

has investigated the utility of dd-cfDNA to detect episodes of acute rejection and infection, 

additional evidence supports the potential role for dd-cfDNA in other domains, including risk 

stratification and tailoring treatment of immunosuppressive drugs.  
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3.1 Detection of Acute Rejection and Infection  

Levels of dd-cfDNA are significantly elevated immediately following the transplant surgery, after 

which, they decay logarithmically in a two-phase decay pattern to reach stable baseline levels 

around 3 to 6 months post-transplant [23, 24]. While stable patients may follow this characteristic 

pattern of decay and baseline, multiple studies have demonstrated that dd-cfDNA increases in the 

setting of acute rejection and infection [25-28]. In 2015, De Vlaminck et al. performed a single center, 

prospective cohort study in which they longitudinally collected serial plasma samples for dd-cfDNA 

at fixed time points in 51 lung transplant recipients. Samples were also obtained at the time of 

bronchoscopy [23]. In comparison to stable controls, dd-cfDNA significantly increased at the time 

of moderate or severe ACR (histopathological ACR grade ≥3). A dd-cfDNA threshold level of >1% 

demonstrated an area under the receiver operating curve (AUC) of 0.9 for the detection of 

moderate or severe ACR, with a sensitivity of 100% and specificity of 73%. 

In 2021, Jang et al. performed a multicenter, prospective cohort study in which they monitored 

148 lung transplant recipients over a median of 19.6 months [27]. Serial plasma samples were 

collected to measure dd-cfDNA at the time of both clinically indicated and surveillance 

bronchoscopy with BAL/TBBx. ACR was defined as histopathological grade ≥A2 or ≥A1 with 

corresponding decline in the forced expiratory volume in 1 second (FEV1) ≥10%. Median levels of 

dd-cfDNA were significantly elevated in patients with acute rejection (ACR and clinical AMR) vs. 

stable controls (1.95% vs. 0.30%, p < 0.01). A dd-cfDNA threshold of ≥1% yielded an AUC of 0.89 for 

the detection of AR, with a sensitivity of 77%, specificity or 84%, positive predictive value (PPV) or 

60% and negative predictive value (NPV) of 90%. Notably, levels of dd-cfDNA appeared to rise prior 

to the diagnosis of AMR, with 82% of AMR episodes demonstrating a rise ≥1% one month prior to 

the diagnosis. Further, this study also demonstrated that levels of dd-cfDNA were elevated in the 

presence of infection, defined as positive microbiology plus either an acute decrease in FEV1 ≥10% 

or histopathological changes consistent with allograft injury, in comparison to stable controls. 

Given the encouraging performance characteristics of dd-cfDNA for the detection of acute 

rejection, including the high negative predictive value reported in observational studies and 

potential rise in levels prior to clinical manifestations of rejection, it has potential utility in post-

transplant surveillance protocols, perhaps in place of surveillance bronchoscopy with BAL/TBBx. A 

recent multicenter, retrospective cohort study demonstrated the relative safety and feasibility of 

this approach in the real-world setting [28]. In this study, in an effort to mitigate the risk of COVID-

19 infection at the onset of the COVID-19 pandemic, four lung transplant centers deferred 

performance of surveillance bronchoscopy, routine clinic visits and clinic-based PFTs, and instead, 

enrolled patients in a home-based monitoring program that utilized serial testing of dd-cfDNA to 

monitor for acute rejection or infection. Over the first 6 months, the program enrolled 198 patients 

who received over 400 plasma samples for dd-cfDNA. Using a threshold value of ≥1% to perform 

bronchoscopy, twenty-three episodes of asymptomatic acute rejection or infection necessitating 

treatment were identified. Ninety-six percent of patients with a dd-cfDNA level <1% remained stable 

over the course of study, defined as the absence of acute rejection, infection, development of signs 

or symptoms of allograft dysfunction or PFT decline over the course of the study period with at least 

1 month follow up to ensure stability. Further, the number of bronchoscopies performed was 

reduced by 82% compared to the expected amount. 
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In summary, levels of dd-cfDNA increase in the setting of acute rejection and infection and 

demonstrate good performance characteristics for the detection of underlying allograft injury. 

Additional research is required to determine optimal dd-cfDNA threshold levels for detection of 

specific allograft injury states. Further, it is important to highlight that dd-cfDNA is released in 

reponse to various forms of allograft injury and is not necessarily specific to the precise cause of 

allograft injury (i.e. rejection vs infection). Recent studies have demonstrated the potential for 

incorporating cfDNA fragment size profile with specific dd-cfDNA threshold levels to differentiate 

between various allograft injury states [29]. The available evidence also supports further 

investigation into the role of dd-cfDNA in surveillance monitoring, including a randomized 

controlled trial comparing a dd-cfDNA-based surveillance method to traditional surveillance 

bronchoscopy [30]. 

3.2 Detection and Prediction of Chronic Lung Allograft Dysfunction  

While several studies have investigated the ability of dd-cfDNA to detect episodes of acute 

rejection and infection, studies supporting its utility in the detection of CLAD are sparser. In a single 

center prospective cohort study, Khush et al. reported higher levels of dd-cfDNA in patients with 

the obstructive phenotype of CLAD in comparison to normal controls [31]. In another single center 

retrospective cohort study, Yang et al. demonstrated higher levels of total cfDNA in the BAL fluid in 

patients with CLAD (n = 40) vs. stable controls (n = 20) [32]. In addition, they demonstrated that 

higher levels of cfDNA in the BAL fluid in patients with CLAD increased the risk of mortality. However, 

while these studies support the association of CLAD with increases in cfDNA, CLAD remains a disease 

without viable treatment options, and therefore, the ability to predict CLAD before its onset may be 

more clinically useful. The ability to adequately predict and risk stratify patients for the development 

of CLAD may allow clinicians to tailor surveillance monitoring strategies, more aggressively 

treat/address other risk factors for CLAD and identify at-risk patients that may benefit from inclusion 

in clinical trials aimed at the prevention of CLAD.  

In 2019, our lab performed a multicenter, prospective cohort study demonstrating that 

elevations in dd-cfDNA in the early post-transplant period increased the risk of CLAD and death [24]. 

In this study of 108 lung transplant recipients with a median follow-up of 36 months, three distinct 

patterns of dd-cfDNA decay kinetics were observed that varied among individual subjects during 

the first 90 days post-transplant. The low tercile group demonstrated a rapid decline in dd-cfDNA 

to low, stable levels within one-month post-transplant. The middle tercile displayed a slower decay 

but reached baseline levels similar to the low tercile group by 90 days post-transplant. The upper 

tercile group had the slowest decay, with persistently elevated dd-cfDNA levels compared to the 

other two groups. Subjects in the upper tercile group had a 7.8-fold higher risk of allograft failure.  

Other studies have demonstrated similar associations between prior molecular evidence of 

allograft injury and the downstream risk of CLAD. In a multicenter, prospective cohort study, levels 

of dd-cfDNA at the time of diagnosis of primary graft dysfunction (PGD) increased the risk of CLAD, 

irrespective of clinical PGD severity grade [33]. Similarly, Bazemore et al. demonstrated that levels 

of dd-cfDNA at the time of diagnosis of respiratory viral infections increased the risk of CLAD and 

death [34]. Early identification and risk stratification of these vulnerable patient populations may 

be key to developing preventative strategies for CLAD and improving long term outcomes.  
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4. Future Directions  

Several advances are being made in the field of cfDNA and solid organ transplantation. Among 

the most important are identifying the cfDNA tissue of origin using tissue-specific epigenetic 

signatures and exploring the role of cfDNA as a potentiator of tissue injury and potential therapeutic 

target.  

4.1 Cell-free DNA Tissue of Origin 

While dd-cfDNA is released into the blood stream in response to cellular necrosis or apoptosis, it 

is not necessarily specific to the cause of tissue injury. As stated earlier, various injury states in the 

allograft can cause increases in dd-cfDNA including ACR, AMR, CLAD and infection. Further 

identification involves incorporating bronchoscopy with BAL/TBBx, microbiology, donor specific 

antibody testing and PFTs to diagnose the specific cause of allograft injury. However, these tools 

may also be non-specific. For example, biopsy has been demonstrated to show overlapping 

histopathological features for ACR and AMR [35]. The ability to further differentiate the precise 

tissue injury pattern in these diseases would greatly enhance the ability to non-invasively diagnose 

allograft dysfunction and provide clearer mechanistic insight into the pathophysiology of various 

disease states.  

Although all cells in the recipient may share the same genome sequence, their epigenetic 

fingerprints are distinct, including tissue-specific DNA methylation patterns, histone modifications 

and chromatin footprints. These signatures are surveyed on cfDNA to assign the tissue of origin [36-

38] (Figure 1). cfDNA fragment production is potentially non-random, but guided by the tissue 

source and the underlying biological processes. Recent studies indicate that the fragment 

characteristics vary with disease states and potentially tissue of origin. This suggests that fragment 

size, jagged end or end motifs can be utilized to infer the biological processes associated with 

various disease states [39-41]. For example, the GRAfT Investigators showed that cfDNA fragment 

length and GC content differ between AMR and ACR in heart transplants recipients [42].  
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Figure 1 Overview of the potential genetic and epigenetic approaches associated with 

the analysis of cell free DNA. Differences in donor vs. recipient single nucleotide 

polymorphisms may be used to genetically differentiate dd-cfDNA from recipient cfDNA 

and quantitate the degree of allograft injury. Mitochondrial cfDNA may be isolated and 

quantified, and have important implications on the pathogensis of various disease states, 

particularly as a damage associated molecular pattern. Detection of microbial cfDNA 

may provide novel approaches to the diagnosis of infection as well as further insight into 

the diverse landscape of the microbiome. A host of epigenetic techniques allow for the 

precise identification of cfDNA tissue of origin, expanding our knowledge of the 

pathophysiological mechanisms of various transplant-associated disease states.  

Using bisulfate sequencing techniques to identify tissue specific DNA methylation signatures, 

Andargie et al. effectively provided whole body mapping of tissue-injury patterns in a cohort of 

COVID-19 patients, providing further mechanistic and prognostic insight into course of the disease 

[43]. Brusca et al. applied a similar approach to define biologically plausible tissue injury sources 

that predict transplant-free survival in patients with pulmonary arterial hypertention [44]. Similarly, 

the ability to apply such tissue mapping techniques to lung transplant patients may allow for better 

identification of acute and chronic rejection phenotypes, mechanisms of disease and therapeutic 

targets.  

4.2 Microbial cfDNA 

Microbial infection is another major complication after lung transplantation. Metagenomic 

studies demonstrate that DNA fragments from microorganisms, called microbial cfDNA (mcfDNA), 
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can be detected in the peripheral blood and used as a potential biomarker to monitor infection [45, 

46]. Recently, Blauwkamp et al. developed a microbial cfDNA (mcfDNA) sequencing assay called 

Karius Test™ that detects over 1000 clinically relevant pathogens, including bacteria, DNA viruses, 

fungi, and eukaryotic parasites, rapidly and non-invasively [47]. This test showed high agreement 

with gold-standard blood culture methods in patients with sepsis [47]. This approach may also help 

detect clinically relevant pathogens in lung transplant patients. In addition, metagenomic 

sequencing of mcfDNA, that measures the abundance and diversity of human virome, may be used 

as a surrogate marker of immunosuppression in transplant patients [48].  

4.3 Cell-free DNA as a Biological Trigger of Tissue Injury  

Despite the abundance of evidence profiling elevations in cfDNA in response to tissue injury, 

accumulating evidence also implicates cfDNA as a potential trigger of tissue injury. cfDNA has been 

implicated as a damage-associated molecular pattern (DAMP) that is recognized by pattern 

recognition receptors (PRRs), which in turn, activate immune signaling and cell death pathways that 

provoke tissue injury. Through Toll-like receptor 9 (TLR9) mediated pathways, circulating cfDNA and 

extracellular mitochondrial cfDNA have been shown to provoke acute lung injury and acute kidney 

injury in mouse models [49-51]. Inhibition of TLR9 attenuated the inflammatory response in these 

models [52, 53]. Similarly, in mice lung transplantation models, the release of mitochondrial cfDNA 

into the transplanted lung as a result of ischemia-reperfusion injury triggered TLR-9 dependent 

enhanced lung injury mediated by neutrophil extracellular traps (NETs) [54], which contain cfDNA. 

Accordingly, DNase I therapy has been demonstrated to attenuate lung injury in murine PGD models 

by disrupting NETs [55]. This data suggests that cfDNA released during various forms of allograft 

injury may further potentiate allograft damage and increase disease severity. Further, cfDNA may 

serve as a therapeutic target to alleviate the extent of allograft injury in various disease states.  

5. Conclusion  

As a non-invasive marker of underlying allograft injury at the molecular level, dd-cfDNA provides 

a wealth of potential clinical and investigational applications in the field of lung transplantation. 

While still in the early stages of investigation into realizing its clinical utility, advances in the ability 

of dd-cfDNA to detect episodes of allograft dysfunction, identify and risk stratify patients at risk for 

adverse outcomes, and provide mechanistic insight into the pathophysiology of various disease 

states furthers the goal of ushering lung transplantation into the world of precision medicine.  

Author Contributions 

Dr. Michael Keller, Dr. Sean Agbor-Enoh and Dr. Temesgen Andargie all contributed in the writing 

and review of this manuscript. Dr. Temesgen Andargie developed all of the figures for this 

manuscript. 

Competing Interests 

The authors have declared that no competing interests exist. 
  



OBM Transplantation 2023; 7(2), doi:10.21926/obm.transplant.2302190 
 

Page 9/12 

References  

1. Chambers DC, Yusen RD, Cherikh WS, Goldfarb SB, Kucheryavaya AY, Khusch K, et al. The 

registry of the International Society for Heart and Lung Transplantation: Thirty-fourth adult lung 

and heart-lung transplantation report—2017; focus theme: Allograft ischemic time. J Heart 

Lung Transplant. 2017; 36: 1047-1059. 

2. Burton CM, Iversen M, Carlsen J, Mortensen J, Andersen CB, Steinbrüchel D, et al. Acute cellular 

rejection is a risk factor for bronchiolitis obliterans syndrome independent of post-transplant 

baseline FEV1. J Heart Lung Transplant. 2009; 28: 888-893. 

3. Shino MY, Todd JL, Neely ML, Kirchner J, Frankel CW, Snyder LD, et al. Plasma CXCL9 and CXCL10 

at allograft injury predict chronic lung allograft dysfunction. Am J Transplant. 2022; 22: 2169-

2179. 

4. Botha P, Archer L, Anderson RL, Lordan J, Dark JH, Corris PA, et al. Pseudomonas aeruginosa 

colonization of the allograft after lung transplantation and the risk of bronchiolitis obliterans 

syndrome. Transplantation. 2008; 85: 771-774. 

5. Charya AV, Ponor IL, Cochrane A, Levine D, Philogene M, Fu YP, et al. Clinical features and 

allograft failure rates of pulmonary antibody-mediated rejection categories. J Heart Lung 

Transplant. 2023; 42: 226-235. 

6. Aguilar-Guisado M, Givalda J, Ussetti P, Ramos A, Morales P, Blanes M, et al. Pneumonia after 

lung transplantation in the RESITRA Cohort: A multicenter prospective study. Am J Transplant. 

2007; 7: 1989-1996. 

7. Todd JL, Neely ML, Kopetskie H, Sever ML, Kirchner J, Frankel CW, et al. Risk factors for acute 

rejection in the first year after lung transplant. A multicenter study. Am J Respir Crit Care Med. 

2020; 202: 576-585. 

8. Trulock EP, Christie JD, Edwards LB, Boucek MM, Aurora P, Taylor DO, et al. Registry of the 

International Society for Heart and Lung Transplantation: Twenty-fourth official adult lung and 

heart–lung transplantation report—2007. J Heart Lung Transplant. 2007; 26: 782-795. 

9. Van Muylem A, Mélot C, Antoine M, Knoop C, Estenne M. Role of pulmonary function in the 

detection of allograft dysfunction after heart-lung transplantation. Thorax. 1997; 52: 643-647. 

10. Bhorade SM, Husain AN, Liao C, Li LC, Ahya VN, Baz MA, et al. Interobserver variability in grading 

transbronchial lung biopsy specimens after lung transplantation. Chest. 2013; 143: 1717-1724. 

11. Martuszewski A, Paluszkiewicz P, Król M, Banasik M, Kepinska M. Donor-derived cell-free DNA 

in kidney transplantation as a potential rejection biomarker: A systematic literature review. J 

Clin Med. 2021; 10: 193. 

12. Yao W, Mei C, Nan X, Hui L. Evaluation and comparison of in vitro degradation kinetics of DNA 

in serum, urine and saliva: A qualitative study. Gene. 2016; 590: 142-148.  

13. Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al. Circulating mutant DNA to 

assess tumor dynamics. Nat Med. 2008; 14: 985-990. 

14. Lo YM, Tein MS, Pang CC, Yeung CK, Tong KL, Hjelm NM. Presence of donor-specific DNA in 

plasma of kidney and liver-transplant recipients. Lancet. 1998; 351: 1329-1330. 

15. Zou J, Duffy B, Slade M, Young AL, Steward N, Hachem R, et al. Rapid detection of donor cell 

free DNA in lung transplant recipients with rejections using donor-recipient HLA mismatch. 

Hum Immunol. 2017; 78: 342-349. 



OBM Transplantation 2023; 7(2), doi:10.21926/obm.transplant.2302190 
 

Page 10/12 

16. Snyder TM, Khush KK, Valantine HA, Quake SR. Universal noninvasive detection of solid organ 

transplant rejection. Proc Natl Acad Sci U S A. 2011; 108: 6229-6234. 

17. Sharon E, Shi H, Kharbanda S, Koh W, Martin LR, Khush KK, et al. Quantification of transplant-

derived circulating cell-free DNA in absence of a donor genotype. PLoS Comput Biol. 2017; 13: 

e1005629. 

18. Grskovic M, Hiller DJ, Eubank LA, Sninsky JJ, Christopherson C, Collins JP, et al. Validation of a 

clinical-grade assay to measure donor-derived cell-free DNA in solid organ transplant recipients. 

J Mol Diagn. 2016; 18: 890-902. 

19. Altuğ Y, Liang N, Ram R, Ravi H, Ahmed E, Brevnov M, et al. Analytical validation of a single-

nucleotide polymorphism-based donor-derived cell-free DNA assay for detecting rejection in 

kidney transplant patients. Transplantation. 2019; 103: 2657-2665. 

20. Drag MH, Kilpeläinen TO. Cell-free DNA and RNA—measurement and applications in clinical 

diagnostics with focus on metabolic disorders. Physiol Genomics. 2021; 53: 33-46. 

21. Beck J, Bierau S, Balzer S, Andag R, Kanzow P, Schmitz J, et al. Digital droplet PCR for rapid 

quantification of donor DNA in the circulation of transplant recipients as a potential universal 

biomarker of graft injury. Clin Chem. 2013; 59: 1732-1741. 

22. Keller MB, Meda R, Fu S, Yu K, Jang MK, Charya A, et al. Comparison of donor‐derived cell-free 

DNA between single versus double lung transplant recipients. Am J Transplant. 2022; 22: 2451-

2457. 

23. De Vlaminck I, Valantine HA, Snyder TM, Strehl C, Cohen G, Luikart H, et al. Circulating cell-free 

DNA enables noninvasive diagnosis of heart transplant rejection. Sci Transl Med. 2014; 6: 

241ra77. 

24. Agbor-Enoh S, Wang Y, Tunc I, Jang MK, Davis A, De Vlaminck I, et al. Donor-derived cell-free 

DNA predicts allograft failure and mortality after lung transplantation. EBioMedicine. 2019; 40: 

541-553. 

25. Sayah D, Weigt SS, Ramsey A, Ardehali A, Golden J, Ross DJ. Plasma donor-derived cell-free DNA 

levels are increased during acute cellular rejection after lung transplant: Pilot data. Transplant 

Direct. 2020; 6: e608. 

26. Rosenheck JP, Ross DJ, Botros M, Wong A, Sternberg J, Chen YA, et al. Clinical validation of a 

plasma donor-derived cell-free DNA assay to detect allograft rejection and injury in lung 

transplant. Transplant Direct. 2022; 8: e1317. 

27. Jang MK, Tunc I, Berry GJ, Marboe C, Kong H, Keller MB, et al. Donor-derived cell-free DNA 

accurately detects acute rejection in lung transplant patients, a multicenter cohort study. J 

Heart Lung Transplant. 2021; 40: 822-830. 

28. Keller M, Sun J, Mutebi C, Shah P, Levine D, Aryal S, et al. Donor-derived cell-free DNA as a 

composite marker of acute lung allograft dysfunction in clinical care. J Heart Lung Transplant. 

2022; 41: 458-466. 

29. Pedini P, Coiffard B, Cherouat N, Casas S, Fina F, Boutonnet A, et al. Clinical relevance of cell-

free DNA quantification and qualification during the first month after lung transplantation. 

Front Immunol. 2023; 14: 1183949. 

30. Mackintosh JA, Chambers DC. Genomic lung allograft surveillance-is it primer time? J Heart 

Lung Transplant. 2022; 41: 467-469. 



OBM Transplantation 2023; 7(2), doi:10.21926/obm.transplant.2302190 
 

Page 11/12 

31. Khush KK, De Vlaminck I, Luikart H, Ross DJ, Nicolls MR. Donor-derived, cell-free DNA levels by 

next-generation targeted sequencing are elevated in allograft rejection after lung 

transplantation. ERJ Open Res. 2021; 7: 00462-2020. 

32. Yang JY, Verleden SE, Zarinsefat A, Vanaudenaerde BM, Vos R, Verleden GM, et al. Cell-free 

DNA and CXCL10 derived from bronchoalveolar lavage predict lung transplant survival. J Clin 

Med. 2019; 8: 241. 

33. Keller M, Bush E, Diamond JM, Shah P, Matthew J, Brown AW, et al. Use of donor-derived-cell-

free DNA as a marker of early allograft injury in primary graft dysfunction (PGD) to predict the 

risk of chronic lung allograft dysfunction (CLAD). J Heart Lung Transplant. 2021; 40: 488-493. 

34. Bazemore K, Permpalung N, Mathew J, Lemma M, Haile B, Avery R, et al. Elevated cell‐free DNA 

in respiratory viral infection and associated lung allograft dysfunction. Am J Transplant. 2022; 

22: 2560-2570. 

35. Agbor-Enoh S, Jackson AM, Tunc I, Berry GJ, Cochrane A, Grimm D, et al. Late manifestation of 

alloantibody-associated injury and clinical pulmonary antibody-mediated rejection: Evidence 

from cell-free DNA analysis. J Heart Lung Transplant. 2018; 37: 925-932. 

36. Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N, Korach A, et al. Comprehensive human 

cell-type methylation atlas reveals origins of circulating cell-free DNA in health and disease. Nat 

Commun. 2018; 9: 5068. 

37. Sadeh R, Sharkia I, Fialkoff G, Rahat A, Gutin J, Chappleboim A, et al. ChIP-seq of plasma cell-

free nucleosomes identifies gene expression programs of the cells of origin. Nat Biotechnol. 

2021; 39: 586-598. 

38. Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA comprises an in vivo 

nucleosome footprint that informs its tissues-of-origin. Cell. 2016; 164: 57-68. 

39. Jiang P, Sun K, Peng W, Cheng SH, Ni M, Yeung PC, et al. Plasma DNA end-motif profiling as a 

fragmentomic marker in cancer, pregnancy, and transplantation. Cancer Discov. 2020; 10: 664-

673. 

40. Ding SC, Chan RW, Peng W, Huang L, Zhou Z, Hu X, et al. Jagged ends on multinucleosomal cell-

free DNA serve as a biomarker for nuclease activity and systemic lupus erythematosus. Clin 

Chem. 2022; 68: 917-926. 

41. Mouliere F, Smith CG, Heider K, Su J, van der Pol Y, Thompson M, et al. Fragmentation patterns 

and personalized sequencing of cell‐free DNA in urine and plasma of glioma patients. EMBO 

Mol Med. 2021; 13: e12881. 

42. Agbor-Enoh S, Shah P, Tunc I, Hsu S, Russell S, Feller E, et al. Cell-free DNA to detect heart 

allograft acute rejection. Circulation. 2021; 143: 1184-1197. 

43. Andargie TE, Tsuji N, Seifuddin F, Jang MK, Yuen PS, Kong H, et al. Cell-free DNA maps COVID-

19 tissue injury and risk of death and can cause tissue injury. JCI Insight. 2021; 6: e147610. 

44. Brusca SB, Elinoff JM, Zou Y, Jang MK, Kong H, Demirkale CY, et al. Plasma cell-free DNA predicts 

survival and maps specific sources of injury in pulmonary arterial hypertension. Circulation. 

2022; 146: 1033-1045. 

45. Eichenberger EM, de Vries CR, Ruffin F, Sharma-Kuinkel B, Park L, Hong D, et al. Microbial cell-

free DNA identifies etiology of bloodstream infections, persists longer than conventional blood 

cultures, and its duration of detection is associated with metastatic infection in patients with 

staphylococcus aureus and gram-negative bacteremia. Clin Infect Dis. 2022; 74: 2020-2027. 



OBM Transplantation 2023; 7(2), doi:10.21926/obm.transplant.2302190 
 

Page 12/12 

46. De Vlaminck I, Martin L, Kertesz M, Patel K, Kowarsky M, Strehl C, et al. Noninvasive monitoring 

of infection and rejection after lung transplantation. Proc Natl Acad Sci U S A. 2015; 112: 13336-

13341. 

47. Blauwkamp TA, Thair S, Rosen MJ, Blair L, Lindner MS, Vilfan ID, et al. Analytical and clinical 

validation of a microbial cell-free DNA sequencing test for infectious disease. Nat Microbiol. 

2019; 4: 663-674. 

48. De Vlaminck I, Khush KK, Strehl C, Kohli B, Luikart H, Neff NF, et al. Temporal response of the 

human virome to immunosuppression and antiviral therapy. Cell. 2013; 155: 1178-1187. 

49. Tsuji N, Tsuji T, Ohashi N, Kato A, Fujigaki Y, Yasuda H. Role of mitochondrial DNA in septic AKI 

via toll-like receptor 9. J Am Soc Nephrol. 2016; 27: 2009-2020.  

50. Wu G, Zhu Q, Zeng J, Gu X, Miao Y, Xu W, et al. Extracellular mitochondrial DNA promote NLRP3 

inflammasome activation and induce acute lung injury through TLR9 and NF-κB. J Thorac Dis. 

2019; 11: 4816-4828. 

51. Gu X, Wu G, Yao Y, Zeng J, Shi D, Lv T, et al. Intratracheal administration of mitochondrial DNA 

directly provokes lung inflammation through the TLR9–p38 MAPK pathway. Free Radic Biol Med. 

2015; 83: 149-158. 

52. Yasuda H, Leelahavanichkul A, Tsunoda S, Dear JW, Takahashi Y, Ito S, et al. Chloroquine and 

inhibition of Toll-like receptor 9 protect from sepsis-induced acute kidney injury. Am J Physiol 

Renal Physiol. 2008; 294: F1050-F1058. 

53. Hotz MJ, Qing D, Shashaty MG, Zhang P, Faust H, Sondheimer N, et al. Red blood cells 

homeostatically bind mitochondrial DNA through TLR9 to maintain quiescence and to prevent 

lung injury. Am J Respir Crit Care Med. 2018; 197: 470-480. 

54. Mallavia B, Liu F, Lefrançais E, Cleary SJ, Kwaan N, Tian JJ, et al. Mitochondrial DNA stimulates 

TLR9-dependent neutrophil extracellular trap formation in primary graft dysfunction. Am J 

Respir Cell Mol Biol. 2020; 62: 364-372. 

55. Sayah DM, Mallavia B, Liu F, Ortiz-Muñoz G, Caudrillier A, DerHovanessian A, et al. Neutrophil 

extracellular traps are pathogenic in primary graft dysfunction after lung transplantation. Am J 

Respir Crit Care Med. 2015; 191: 455-463. 


